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PREFACE 


During the recent war there arose on both sides of the Atlantic among research workers in 
the field of underwater explosions the feeling that some of the problems posed by the conditions 
of undersea warfare had already presented themselves in the past and that various attempts had 
been made to solve them. Many of the records, however, had been lost or effectively hidden ex- 
cept for what had crept into open publications and consequently a whole new literature had to be 
developed at considerable cost in both time and money, encompassing both old and new problems. 
A corollary of this experience has been the firm conviction that this new literature should not 
suffer a similar fate. The idea of the joint publication of American and British research in the 
field of underwater explosions took form in the latter part of 1946 and the idea was further ex- 
plored with the Bureau of Ordnance and the Bureau of Ships, United States Navy Department and 
with the British Admiralty. The Office of Naval Research, Navy Department, in its capacity of 
disseminator of scientific information undertook to sponsor the publication and has eventually 
Seen the project through to its present form. 


The Compendium has three major purposes: first, to give a greater availability to many 
papers which otherwise would exist in a very small number of copies, and to preserve and revive 
certain rare items, the scarcity of which was due to wartime shortages rather than to any de- 
ficiencies in the papers themselves; second, to present a representative summary of original 
source material and to display the scope of this material ina manner which might make it of 
more universal interest to schools and colleges as a branch of applied science; and third, to 
stimulate interest in this field for the general benefit of the sciences of Naval Architecture and 
Naval Ordnance and to provide those working in these fields with ready reference material on 
many of the important problems which they must face in their work. 


The scheme of the Compendium is as follows: All of the papers selected, which represent 
between 10 and 20 percent of the total quantity of material known to exist, have been divided into 
three volumes. The first volume is devoted to the primary underwater shock wave, the second 
to the hydrodynamical effects falling under incompressible theory including the oscillations and 
behaviour of the gas globe formed by the explosion products, and the third to the effects of all of 
these phenomena on structures and to the measurement and calculation of the resulting damage. 
Three papers have been selected with the object of summarizing the knowledge over the field 
within the scope of the Compendium; these papers, which are placed in the first volume, serve 
to introduce the subject both in general terms, and also with some mathematical detail. 


The allocation of the original papers to the different volumes has, in a few cases, not been 
obvious and the editors must assume full responsibility for any arbitrary assignments. A far 
greater responsibility of the editors has lain in the selection of the papers and in this, various 
considerations have had a voice. 


Many of the older papers have been included for their historical interest. Some papers have 
been used to provide suitable introductory or background material. Most of the other papers have 
been included intact and represent the opinions of the authors at the time of writing. A few of 
the papers have been reworked and consist of new material incorporated into the older original 
papers, or consist of a summary of several progress reports which were too repetitive for eco- 
nomical inclusion without condensation. Papers which have been rewritten are so marked with 
the new date affixed. In general, selections have been made in an effort to give the best review 
of the entire subject in order to convey the most, and the best information within the space limi- 
tations imposed by the exigencies of publication, and within the scope permitted by considerations 
of security. Both these features prevent this compilation from being exhaustive, and the latter 
feature prevents many successful workers in this field from receiving recognition here. 


The editors believe that this Compendium is a new venture in international co-operation 
and hope that this effort may prove useful in pointing the way for other similar joint enterprises 
which may be considered desirable. 


It is our desire to acknowledge the continued interest of Dr. A. T. Waterman, Deputy Chief, 
Office of Naval Research, Navy Department, without whose help these volumes could not have 
been produced, to thank Mr. Martin Jansson ofthe Technical Information Division, Office of Naval 
Research, and his capable staff for their painstaking and careful work in preparing the material 
for reproduction. We also acknowledge the guidance afforded by the British Undex Panel, partic- 
ularly Dr. A. R. Bryant and Dr. E. N. Fox (a former member), the assistance of Mr. T. Aves of 
the Department of Research Programmes & Planning and Miss E. Lord of the Department of 
Physical Research in the preparation ofthe Britishcontribution, and to thankDr. T. L. Brownyard 
of the Bureau of Ordnance Navy Department for his help in some of the correspondence and in 
some of the problems of security clearance. 


C.K. Meta. 
G. K. Hartmann 
Chief, Explosives Research Department 


U. S. Naval Ordnance Laboratory. 


— 7 
E. G. Hill 
Department of Physical Research 
Admiralty 
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UNDERWATER EXPLOSIONS 


INTRODUCTION 


Resolution of the damage problem 


4. The effect of an underwater explosion against a vessel will depend on 
both the proximity of the explosion to the vessel and the way in which the 
vessel is constructed. These effects may be sub-divided into:- 
1) the effect of contact explosions against single-hulled vessels, 
(2) the effect of non-contact explosions against vessels with some 
form of multi-bulkhead protection, 
(3) the effect of contact explosions against multi-bulkhead protected 
vessels, 

(4) the effect of non-contact explosions against single-hulled vessels. 
For case 1, a very small underwater charge is sufficient to hole a single- 
hulled vessel when in contact or near-contact and little theory is 
necessary. For case 2, however, non-contact explosions from normal types 
and sizes of charges will do little damage to a multiple protective system 
except when the outer skin is air~backed; this may be considered in the 
same way as the shell of a single-hulled vessel. Little theoretical 
treatment has yet been found possible for contact explosions in case 3. 
Therefore, the main theory to be discussed will be concerned with the 
problem of a single thickness of air-backed plating subjected to non-contact 
explosions sufficiently distant for the damaye to be appreciable, but not 
catastrophic. 


2. For such non=contact explosions the phenomena can be conveniently 
considered under the following main headings:- 
(1) The phenomena in the water which are proper to the explosion 
itself, 
(2) the interaction of these water phenomena with the target, this 
interaction depending on both target and explosion properties, 
(3) the natwre of the deformation of the target insofar as it depends 
on the properties of the target. 


3. The treatment of the material in the main text is such that a knowledge 
of mathematics beyond interpretation of simple formulae is not required. 
Where it has been thought necessary, mathematical relationships have been 
illustrated graphically. Results quoted in the main text without proof 

are deduced in Appendices and are referred to by the appropriate equation 
number. An equation prefixed by a letter is derived in the Appendix of 
that letter. 


4. The terms “open water" and "mid-water" will be used frequently. Open 
water is understood to mean the conditions which usually exist on the high 
seas where the only factors (external to the charge; which influence the 
explosion are the surrounding water and the presence oi the sea surface and 
sea bottan. Mid-water is understood to involve the further restriction 
that the point of explosion is sufficiently far from both sea surface and 
sea bottom for neither of these to exert a direct influence on the explosion. 
The most convenient explosive for underwater experimental work is T.N.7. 
and, therefore, the term 'charge' implies a charge of T.N.T. However, 
results observed for T.N.T. charges can be applied to charges of other 
explosives by means of a conversion factor. In particular, from the stand- 
point of underwater explosive effects, a 100 lb. charge of torpex is 
equivalent to 145 lb. charge of T.N.T. and the weight conversion factor of 
1-45 is reasonably constant fbr torpex charges of any size. 


PHENOMENA IN OPEN WATER 


The general sequence of events 


5 Consider for simplicity an uncased spherical charge initiated from the 
centre. On initiation, a detonation wave will travel out radially from 
the centre with a velocity characteristic of the explosive. Within the 
region traversed by this wave, the explosive is converted into incandescent 
gas at a very high pressure. In front of the detonation wave the 
explosive remains unchanged, being "unaware" of the initiation. In T.N.T. 
for example, the detonation wave travels at approximately 23,000 ft. per 
sec. so that a charge of 400 lb. T.N.T. occupying a sphere of about one 
foot radius would be all converted into incandescent gas at a pressure of 
the order of several hundred tons per sq.in. in the very short time of 
about 4.0 microseconds. 


6. The high pressure gas bubble then trits to expand and the first result 
is a compression of the spherical layer of water immediately surrounding 
the charge. This layer in turn compresses a further layer and so on. 

In this way, a wave of compression is propagated through the water radially 
outwards from the explosion. This wave is usually termed the pressure 
pulse. 


7. The velocity of propagation of the pressure pulse at first decreases 
as the pulse travels outwards until, at a comparatively short distance fran 
the explosion, it becomes approximately constant at the normal velocity of 
sound about 5,000 ft. per sec. in sea water. Except for a small inner 
region surrounding the charge, the pressure pulse obeys the usual acoustic 
laws, the intensity decreasing steadily with increasing distance until, at 
very large distances, the pulse becomes simply a noisee The persistence of 
the pulse is demonstrated by the fact that the detonation of a charge of 
only 9 oz. guncotton can be detected at a distance of 40 miles. The 
characteristics or the pressure pulse will be considered in detail later, 
but one feature is that the pressure in the pulse can be treated as 
essentially positive, any subsequent suction in the pulse being unimportant. 
This is in marked contrast to blast in air where a phase of positive 
pressure is followed by an appreciable suction phase. 


8. While the pressure pulse is travelling outwards to large distances, the 
original gas bubble expands. The pressure in the gas bubble, therefore, 
decreases and becomes ultimately of the same order as the hydrostatic 
pressure in the water. Except in the initial stages, this expansion takes 
place relatively slowly and the motion of the surrounding water is in the 
nature of a general bodily flow, as opposed to the compression of successive 
layers associated with the pressure pulse. This outward flow involves a 
considerable mass of water with large kinetic energy and, as a result, the 
flow overshoots the equilibrium position in which the pressure in the gas 
bubble is equal to the hydrostatic pressure in the surrounding water. 

when the outward expansion ceases, therefore, the pressure in the bubble is 
less than the hydrostatic pressure for equilibrium and the bubble commences 
to contract with resulting inward flow of water. This return flow also 
over-shoots the equilibrium position and the bubble contracts to a small 
volume at a pressure which is fairly high, although not nearly as high as 
the original pressure at detonation. This small bubble then behaves 
effectively as a second explosion and the whole process is repeated, a 
second compression wave being sent out as the bubble commences to expand 
again. 


S. Simple theory predicts that the oscillation of the bubble would 
continue indefinitely in an unlimited mass of water, the original explosion 
producing in effect a series of successive explosions. In practice, 
however, energy is dissipated to the surrounding water and the pressure in 
succeeding pulses decays so that each explosion becomes intrinsically weaker 
than its . edecssor. Moreover, at a later stage, the bubble tends to break 
up into smaller bubbles with further dissipation of energy and the process 
terminates after a few oscillations. 


10. As a further effect, the gas bubble rises and in practice the gases 
will eventually break surface. Depending on the size of charge and its 
depth below the surface, this venting may occur either before or after the 
original bubble has disintegrated into smaller bubbles with a resulting 
variation in the surface effects. 


11. The primary phenomena associated with an underwater explosion after 
detonation can, therefore, be summarized thus. First, the propagation of 

@ pressure pulse to a great distance. Secondly, oscillations of the gas 
bubble with the associated production of additional pulses each intrinsically 
feebler than the preceding one. Thirdly, the rise of the bubble under the 
indirect influence of gravity. These phenomena will now be considered in 
detail together with the modifications and additional phenomena introduced 
by the presence of the sea surface and the sea-bed. 


The pressure pulse 


Variation of pressure with time and distance 


12. For most purposes, the pressure pulse behaves simply as an intense 
sound pulse beyond a relatively small distance from the explosion. 
Therefore, the standard theory for the propagation of sound waves will be 
applicable to a study of the behaviour of the pressure pulse. Those 
points which are specially relevant to an understanding of the pressure 
pulse are treated in detail at Appendix A where it is shown that at a point 
distant r from the charge centre:- 
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where 
t = time interval after the initiation of the explosive charge 
f = mass density of water 
c = velocity of sound in water 
P = pressure in pulse (additional to the hydrostatic pressure 


existing prior to the pulse) 


Equation 4 gives the pressure p as a function of the two variables, r and t. 
Such a relationship can be represented graphically by a surface in a three 
co-ordinate system. The dependence of p upon r and t is illustrated by 
the surface of arbitary shape shown in fig. 1. 


However, it is instructive to study the variation of p with change in 
only one of the two variables, the other remaining constant. Thus the 
plane curve ABC gives the variation of pressure with time at a constant 
distance r, from the explosion. Similarly, the variation of pressure with 
distance at a constant time.t, after the explosion can be studied from the 
plane curve, FED. 


Variation of pressure with time (distance constant) 

13. To understand the physical significance of equation 1, let Pp, denote 
the pressure at time t,; and distance r, and let p, denote the pressure at 
time t, and greater distance r,. Then from equation 1 


p, =!/r, 2(t, - 3) bie | ecatNSstie Side: | peeo> ene (2) 


Pressure 


Fige 1 - Surface showing variation of pressure with time and 
distance 
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If times and distances are now related by 
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Then from equations 2, 3, and 4 


Py oe, Fe. ood cod AGO ~ 606. odG ~Gda § dad (5) 
If two points of given r,.and r, are considered, then for varying t, and t,, 
equations 2 and 3 give the two pressure/time curves at these points. For 
any spherical sound pulse let these pressure/time curves be represented by 
ABC and A'B'C' in fig. 2. These curves are drawn of arbitrary shape. 


Fig. 2 - Curves showing variation of pressure with time at 
two fixed points 


For times satisfying equation 4 the respective ordinates are a constant 
time apart and, therefore 


P'Q' = ri/T2 PQ ece eee eoe eco eee eee coe (6) 


It follows that the curve A'B'C' can be obtained from the curve ABC by 
displacing curve ABC a distance (r, - r2)/e to the right and reducing all 
the pressure ordinates in the same ratio r,/% e The two curves can, 
therefore, be made of the same shape by changing only the pressure scale. 


14. Expressed physically, the pressure/time variation et any distance n is 
repeated on a reduced pressure scale r,/r, at greater distance r, at a time 
(r, - r,)/e later. Subject to the reduction in magnitude, the pressure in 
the pulse thus travels a distance (r, - r,) in time (r, - r,)/e which 
corresponds to a constant velocity of propagation, c independent of r, or 
r,- Equation 1 thus represents a wave travelling outwards with constant 
velocity ¢ and giving pressure/time variations at different points similar 
to those illustrated in fig. 2. 


Variation of pressure with distance (time constant) 
15- Now consider the variation of the pressure in the pulse with distance. 


This variation is illustrated in fig. 3 for two given times t, and t, by 
the curves DEF and D'E'F' respectively. 
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Fige3 - Curves showing the variation of pressure with distance 
at_two fixed times 


Pairs of ordinates such as PQ and P'Q' in fig. 3 which satisfy equation 6 
will then be a constant distance c(t, - t,) apart corresponding to a constant 
velocity of propagation c. The reduction ratio ri/ Ye », however, is not a 
constant for the two curves but will vary for each pair of ordinates. 

Unlike the pressure/time variation, the curves for pressure distribution 
with distance cannot be made strictly of the same shape by changing the 
pressure scale. However, if the effective length DF (= D'F') is small 
compared with r, the ratio r,/r Will be approximately constant for the two 
curves DEF and D'E'F' which can then be made approximately the same shape as 
the curves in fig. 2 for pressure/time variation by a suitable choice of 
scales. Thus, choosing the origin of time so that the pressure pulse starts 
from its centre at time t = 0, the point A in fig. 2 corresponds to time 
r,/c and the shape of the curve ABC is given by 
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Similarly, the point D in fig. 3 corresponds to the extreme distance ct 
reached by the pulse in time t and the shape DEF is given by 
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If DF is now small compared with OD the factor P/r in equation 8 is sensibly 
constant over the curve DEF and equations 7 and 8 indicate that by a suitable 
choice of scales, the curves ABC and D&F would be approximately the same, 
although reversed with respect to the origins of time and distance. 


46. This similarity of the pressure/time and pressure/distance curves 
becomes increasingly more accurate.as the pulse travels outwards to great 
distances. The essential assumption is that the factor 1/r in equation 1 
may be treated as constant when phenomena over distances small compared with 
r are concerned. This assumption corresponds to neglecting curvature of 
the spherical wave front and treating the pulse as a plane wave. This 
approximation will be frequently used in the succeeding analysis for the 
effects due to the pressure pulse. 


17. In addition to the pressure, other quantities of interest in the 
study of underwater explosions are the particle velocity, the impulse per 
unit area and the energy associated with the pressure pulse. Formulae 

for these quantities are derived in Appendix a. The relative significance 
of these quantities will depend on the mechanism of damage. 


Particle velocity 


18. The particle velocity is the outwards radial velocity u communicated 
to the water by the pulse. It is essential to distinguish clearly 

between the wave-velocity c and the particle velocity ue. As a very crude 
analogy, the pressure pulse from an explosion can be regarded as "news" of 
the explosion transmitted through the water; the wave velocity c is then 
simply the speed of transmission of this news whereas the particle velocity 
u and pressure p represent contents of the news. It is shown in 

Appendix A that the pressure p is related to the particle velocity u by the 
approximate equation 
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Equation 9, which is exact for a plane wave, becomes increasingly accurate 
for a spherical pulse as it travels outwards and is one of the basic 
relations which will be assumed in much of the succeeding analysis for the 
effects of the pressure pulse from an underwater explosion. 


Impulse per unit area 


19. The impulse per unit area I transmitted by the pulse across the 
spherical surface at radius r is equal to the area of the pressure/time 
curve and varies simply as the inverse of the distance. 


Energy associated with the pressure pulse 


20. The energy associated with the pulse is defined as the energy per 
unit area transmitted by the pulse across the spherical surface at 
radius r. This energy varies inversely as the square of the distance 

if the relation in equation 9 is assumed to be accurate. Theoretically, 
the total energy E transmitted across the spherical surface is constant 
and is independent of distance. In practice, however, some of the energy 
is left behind as kinetic energy of the water after the pulse has passed. 
Nevertheless, at distances for which the pressure pulse from an underwater 
explosion can be considered as a sound pulse, these afterflow effects are 
small and will be neglected in the succeeding analysis. 


21.° All the preceding theory of sound pulses depends essentially on the 
assumption that the amplitude of the waves is small. The necessary 
criterion for the validity of this assumption is that the ratio u/c should 
be small. From equation 9 this indicates that the pressure p must be 
small compared withpc which is about 150 tons per sq. in. for water. 
Hence, the pressure pulse can involve pressures of the order of several 
tons per sqe in. and still be regarded as of small amplitude for 
theoretical analysis. In contrast, it is interesting to note that for 
air p co is only of order 20 lb. per sqe in. Thus, pressures which can 
be regarded as of small amplitude for blast in water are about 10,000 times 
greater than pressures of waves which may be considered to be of small 
amplitude for blast in air. This factor is largely responsible for the 
present emphasis on small amplitude waves for the pressure pulse in water 
as opposed to the emphasis on waves of finite amplitude for blast in air 
(Part 1, Chapter 4 of this Textbook). 
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3 
Empirical data for the pressure pulse 


22. The theory of small-amplitude sound pulses is sufficient to 
describe the propagation of the pressure pulse except in the immediate 
neighbourhood of the charge. For aT.N.T. charge, the maximum pressure 
in the pulse becomes of order 2 tons per sqe ine or less at distances 
beyond about 12 charge diameters from the explosion. However, this 
simple theory gives no indication of the shape of the pulse, that is the 
form of the function f in equation 1, since this shape depends on the 
course of events in the inner region round the charge. Nevertheless, 
for distances at which the pressure pulse behaves to a reasonable 
approximation as a sound pulse of smali amplitude, the simple theory can 
be used in conjunction with experimental evidence to deduce the shape of 
the pulsee 


23. Fige4h is a typical 
experimental record, obtained by 
a tourmaline gauge and shows the 
variation of pressure with time 
in the pulse. The curve 
indicates an initial vertical 
front, corresponding to a sharp 


3000 


2 instantaneous rise of pressure 

¥ 2000 to a maximum value, followed by 
g decressing pressuree Unlike 

é blast in air, the pressure 

w remains positive throughout with 
FA no evidence of any subsequent 

= ae appreciable suction phase. 


Empirical analysis of experimental 
results indicates that the initial 
decreasing portion following the 
front is exponential in shepe, 
but that in the final "tail" the 
° pressure decays more slowly than 
predicted by the exponential 
as acl moos ai curve which fits the initial 
TIME - sec. portion of the empirical curve. 
However, it seems fairly certain 
that the final tail is relatively 
Fige4. - Empirical curve showing the unimportant so far as the 
pressure/time variation damaging power of the pulse is 
concerned. Therefore, it is 
usual for theoretical analysis of damage to assume the pressure/time curve 
to be of the exponential form 
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where p,, is the maximum pressure in the pulse, n deterniines tiie rate of 
decay of pressure, and t’ is time measured from the arrival of the pulse at 
any point under consideration. 


2h... It is found that for distances beyond which pp, is of the order of 2 tons 
per Sqein. or less, measurements are in reasonable agreement with the 
preceding acoustic theory which predicts that p, should vary inversely as 

the distance and that n should be independent of distance. Enpirical 
formulae for pm, n and related quantities have been prcposed from data 
derived from underwater experiments with the large type tourmaline strip 
geuge. With such a recording technique, measurejents were necessarily 
confined to distances greater than 100, times the charge radius. Hewever, in 
recent years, an experimental techniqué ‘hich devends on amplification of 
Signals from very much smaller and simpler tourmaline gauges has been 
developed and it is now possible to investigate underwater effects at 
exceedingly small ranzes. Using this technique, data for pressure, momentum 
and energy have been obtained for the whole range of distances inciuding 
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measurements when the gauge was in contact with the charge. The results 

of these experiments indicate that at close ranges (between 8 and 13 times 
the charge radius), the original empirical formulae are not strictly true and, 
therefore, revised formulae have been proposed.* In addition to fitting 
results obtained at close ranges, these revised formulae also give a better 
fit for early results. At even closer ranges, further work indicates that 
these revised formulae have to be further modified. Nevertheless, in order 
to indicate the general nature of the formulae, it is instructive to quote 
the original* empirical results for T.NeT. These results will be reasonably 
accurate for distances greater than about 100 times the charge radius. Tet 


W = weight of T.N.T. charge in lb. 
D = distance from charge in feet 


then the following empirical formulae were proposed from the early 
experimental data 


Y 
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St = 28x10 Fa ft. Ibe per sqe fts soe sae cee tee woe (13) 


7 eS 7 Ds = 305 x 40 x Wft. Ib. eee eee eee eee eon (14) 


It should be emphasised that these formulae were derived from data obtained 
at distances for which -, is of order of 2 tons per sq. in. or less and are 
not accurate™ for distances closer to the charge. The outer region in which 
these formulae are applicable is the region in which the pulse should behave 
sensibly as a small amplitude wave. These empirical formulae confirm that 
the form of variation of the respective quantities p,, I and with 

distance and the constancy of E for the pulse from a given charge agrees 
with that predicted by the theoretical equations in the outer region. 


252 Since the shape of the pressure/time curve is not exactly exponential, 
it is necessary to decide which features of the actual pulse are to be most 
accurately simulated when using equation 10 to represent the pulse for 
damage purposes. . For this purpose, the quantities p., I and5< can be used 
but, in general, only two of the three equations 4, 4B and 13 can be 
accurately satisfied by a curve of the form given by equation 10 which 
involves only two parameters. 


26. If the maximm pressure be chosen as a first criterion, then equation 
11 is used to give p, in equation 10. Therefore, either equation 12 or 13 
can be used to determine an appropriate value of n for T.N.T. charges. 


27. If impulse is the second criterion to be adopted for fitting the 
experimental results by using equation 10; then from equations A15 and 10 


Eis E- eee coe eve ooo eee coe eee ceo eee eee (15) 


Hence, substituting for p, and I from equations 11 and 12 in equation 15 
45 


ahaet e 
i = $250 °° coo eee eoe eee coo eoe eee eee eee (16) 


ak 
Wy [41013 
P, = 17,570 {5} lbe per sqo in. 


4 
Toba 2.279 © Ib. sec. per sq. in. 


$2 = 30,660 ¥, ft. lb. per sq. fte 


E = 385,200 W ft. 1b. 
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28. Alternatively, if energy is adopted as the criterion, then for an 
exponential shape of pulse, equations A17 and 10 give 
2 


Sy bP 
Q = Fa CO) 
Taking c = 5,000 ft. per sec. for sea water of density 64 lb. per cu. ft. 
and substituting for p,, ana() in equation 17 by use of equations 11 and 12 
then, 


MB = Ls seCe. eee eee eee eee eee sala eee (18) 


29. Yet another alternative is to make the exponential form give impulse 
and energy corresponding to equations 12 and 13 whilst disregarding equation 
11. Then, by substituting from equations 12 and 13 in equations 15 and 17 
respectively, and solving for p,, and n, the values to be used in equation 
10 for T.N.T. charges would be 


x 


Pay = 603 H WEE PGP Belg Ailg “S06 5000 G06) 06) one (19) 
a 

1 we 
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30. Thus, using variously the empirical formulae 11, 12 and 13, three 
alternative pairs of formulae can be obtained for use with equation 10, 
namely, either (a) equations 11 and 16, (b) equations 11 and 18, or 

(c) equations 19 and 20. The three sets of formulae agree for a charge 
weight of about 130 lbs., and generally for medium weight charges of this 
order of size, the choice of formulae for p,, I and n will not be of vital 
importance. Damage produced by a pressure pulse can depend primarily on 
any one of the three quantities p,, I and{l. The choice of formulae for 
Pe I and n will, therefore, depend on the mechanism of damage. Where the 
damage is not specially dependent on any one of p,,,I ana (2 equation 16 has 
the merit of giving values of n intermediate to those given by equation 18 
and 20. In general, the simplicity of the exponential form of equation 10 
for theoretical analysis more than offsets the attendant uncertainty as to 
the best values to be used for p,, and m 


31. Experimental measurements have, in general, been confined to measuring 
the pressure/time variation in the pulse at given points. However, the 
corresponding distribution of pressure in space at a given time can be 
deduced by using the preceding relationship between the pressure/time and 
pressure/distance curves for distances at which the pulse is of small 
amplitude. Thus in fig. 4, corresponding pressure/space distribution at 
the time when the front of the pulse reaches the distance r = 40 ft. will 
be given approximately by the pressure/time curve. The time scale would 
then be replaced by a distance scale with time 0 becoming r = 40 ft., time 
0.001 becoming r = 35 ft., time 0.002 becoming r = 30 ft. and so on, the 
charge centre lying off the figure to the right. 


32. Since the pulse has an indefinite tail there is strictly neither a 
definite duration of pulse at a given point nor a definite length of the 
pulse in space at a given time. However, for theoretical analysis using 
the exponential representation of equation 10, the parameter n determines 
the rapidity with which the pressure in the pulse drops to unimportant 
magnitudes. The reciprocal 1/n, which has the dimensions of time, gives 
a measure of the order of time for which the pressure is important and is 
the time constant for the pressure pulse. 
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33. In theoretical analysis, this time 1/n tends to play much the same 
role for an exponential pulse as does the duration for a pulse of finite 
duration. Similarly, a corresponding measure of the characteristic length 
of the pulse in space is provided by the quantity c/n which has the 
dimensions of a length. A measure of the characteristic duration of the 
pulse from T.N.T. charges can thus be obtained by using one of the 
alternative formulae 16, 18, and 20. The same formulae can be used to 
provide a measure of the characteristic length of the pulse by calculating 
c/n. For example, using equation 16 and taking c = 5,000 ft. per sec. 
then 


g = 0.60 # Eee dee wee. Jee) Jece, 9664 ¥ seein (21) 


An estimate of the maximum particle velocity u occurring at the pulse 
front is given by using equation 11 and the approximate equation 9, ,For 
T.N.T. charges. 
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34e The use of the principle of dynamical similarity has not, in general, 
been employed in the empirical analysis of underwater explosion data to the 
same extent as for the problem of blast in air. Although the particular 
formulae 11 to 14 satisfy this principle, it should be noted that the 
experimental data from which they were derived can be rather better 
represented by formulae not satisfying dynamical similarity. It is not 
yet certain whether this departure from similarity is a true effect due to 
the fact that different size charges are never perfect scaled replicas, or 
whether it is mainly a spurious result arising from defects in the methods 
of measurement. 


Effects of finite amplitude of the pulse 


55. The simple theory of small-amplitude pulses is sufficient to account 
for the vropagation of the pressure pulse at distances where the maximum 
pressure is of order 2 tons per sq. in. or less. At much smaller 
distances from the charge the simple theory becomes completely inadequate 
and a more elaborate theory is necessary. 


36. Reasonably successful attempts have been made to calculate what 
happens in the neighbourhood of the charges In particular, the theory 
predicts a form and order of magnitude of the pressure pulse in good 
agreement with experimental results and the theory serves to indicate the 
magnitude of the pressures near the explosion where it is difficult to take 
measurements. Such more complete theory’ for underwater explosions is 
essentially similar to that for blast in air and it will suffice here only 
to emphasise some effects connected in particular with the sharp-fronted 
nature of the pulse. 


37- The passage of a finite amplitude pulse involves, in general, an 
irreversible heating of the water and a consequent dissipation of energy 
by conduction of heat through the water and by internal friction or 
viscosity. Both these effects are most pronounced in the steep front of 
the pulse where the most rapid changes occur and both tend to decrease the 
pressure in this front. On the other hand, the fact that larger pressures 
travel faster than smaller pressures (as in air) implies a building up of 
the pressure at the front. These conflicting effects tend to strike a 
balance and theory indicates thet the thickness of the shock front, that is, 
the distance in which the pressure in the water rises from its undisturbed 
value in the front of the pulse to its maximum value in the pulse, is of 
the order of a few millionths of a centimetre; this corresponds to a time 


*® Recent work has, however, shown that for shock waves, the principle of 
dynamic similarity does hold 
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of rise for the pressure at any point of the order of 107'1 sec. ‘The time 
of rise has yet to be accurately measured but recent work indicates that it 
is at least as small as 1078 sec. Such a time of rise can be regarded as 
instantaneous so far as the ultimate problem of damage to ships is concerned. 


38. It may be finally noted that the energy dissipated as heat in the 
water during the early propagation of the pressure pulse can account for 
about 25% of the total energy of the explosion. The corresponding energy E, 
given in equation 14 which remains in the pressure pulse at large distances 
is also about 25% of the total energy liberated by the explosion. The 
pressure pulse thus only accounts for about 50% of the total energy and the 
remaining 50% is left behind as energy in the gas bubble and kinetic energy 
of motion in the water in the immediate neighbourhood of the explosion. 

This motion will be considered later (para. 62). 


Reflection of pulse at sea surface 


39. The inevitable presence of the sea surface can lead to important 
modifications of the pressure due to an underwater explosion. In 
considering the modification due to reflection of the pressure pulse, it is 
assumed that the explosion is sufficiently deep (about 12 charge diameters 
or more for conventional explosives) for the pressure pulse to behave simply 
as an intense sound pulse on arrival at the sea surface. 


40. When a sound pulse arrives at a boundary between two different media 
it will produce in general a transmitted pulse and a reflected pulse. For 
an underwater pressure pulse arriving at the sea surface there will thus be 
a transmitted pulse or blast in the air and a reflected pulse in the water, 
this latter being additional to the original pulse. However, owing to the 
large difference between both the density and the compressibility of air and 
water, the pressure of the transmitted blast in the air is very small 
compared with the pressure in the underwater pulse and it is a very good 
approximation to neglect this transmitted pulse. The sea surface can thus 
be taken as a surface where the pressure effectively remains undisturbed 
and for this to be true the pressure in the reflected pulse at the surface 
must be equal but of opposite sign to the pressure at the surface due to 
the original pulse. 


4A. The pressure at any point below the surface due to the combined 
original and reflected pulses can be conveniently calculated by using the 
concept of images. In fig.5, E represents the explosion centre at a 
depth d below the sea surface A B and E' the image of E in the Plane A B. 
The pressure pulse sent out from E can then be taken as given by equation 1 
where the distance r is measured from E. The reflected pulse can 
similarly be considered to originate simltaneously from B' and to 
contribute a pressure, p' where p’ is given by 


pts - p/rtt(t - =') Keb p ewer Laces Mises dvaeoen Cea) 


where r' denotes the distance from E‘'. The reflection of the pressure 
pulse at the sea surface as a tensile pulse corresponds in effect to an 
equal but "negative" explosion at E‘. The pressure at P due to both the 
incident and reflected pulses will then be given by 


p =/* rt - 2) -2 f(t - 2) sedis aeiee: Ui wise Setelete he Cale) 
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For any point on the sea surface, 

r =r' and equation 2) gives zero 
pressure corresponding to the 
condition that the pressure at this 
surface remains unchanged by the 
pressure pulse. 


42, For a point P below the sea 
surface, r’>r, and the pressure 
given by equation 24 will be the 
difference between the two curves 
OC D and O'C'D' in figure 6a. 
These curves are essentially of the 
same shape but differ in magnitude 
by the ratio r/r'. The time 
difference 00' = (r' - r)/c 
corresponds to the longer time taken 
for the reflected pulse to travel 
effectively from E', as compared 
with the time taken by the original 
pulse to travel from E. The 
resultant pressure at P given by 
equation 2} is then of the form 

0C 0O' C' F in fig. 6b. 


Fige 5 - The reflection of the 

ressure pulse at an 43e Such use of equation 2) leads 

air/water surface to negative pressures in the water 

which could be of much the same 

order as the maximum pressure in the original pulse. Some qualification 
is obviously necessary to allow for the fact that water cannot, in general, 
withstand large tensions. Experimental evidence on the tensile strength 
of water is somewhat contradictory. Under laboratory conditions, with all 
air bubbles removed as far as possible, ordinary water can apparently 
withstand static tensions of the order of 500 lb. per sq. in, whilst water 
nearly saturated with air can withstand static tensions to about 80 lb. per 
Sqe in. Under dynamic conditions, the strength is probably less and drops 
to an almost negligible value if the flow becomes turbulent. 


00's (rr) OK=@Lr) 
c c 


PRESSURE 
PRESSURE 


(2) (b) 


Pig. 6 - Pressure/time variations for a point below the sea 


surface 
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dpe For the present problem, if the maximum pressure in the pulse is mich 
greater than a few hundred Ib. per sqein. it seems fairly certain that the 
reflected pulse will cause some cavitation or breaking of the water. This 
cavitation will be most pronounced for points near N in fig.5 where it 
leads to the formation of the spray dome. For the present, attention will 
be confined to points such as P in fig.5 at some horizontal distance from 
EN; at such points the main effect of cavitation will be to replace the 
portion K C' F of the pressure/time curve in fig.6b by a portion K G H. 

The resultant curve 0 C 0! K GH corresponds to the type of record observed 
experimentally for the pressure pulse as modified by the proximity of the 
sea surface. Since, in general, the tensile phase K GH is relatively 
small compared with the pressure phase 0 C O' K, it is reasonable and 
customary approximation to neglect the tensile phase and regard the 
pressure/time curve to be given by 0 C O' K. 


456 The reflection of the pressure pulse at the sea surface with 
subsequent cavitation of the water can be taken into account theoretically 
by a simple "surface cut-off" effect. It is only necessary to evaluate 
randr', the respective distances of any point P in fig.5 from the 
explosion E and its image E'. The pressure pulse from E is then considered 
to cease abruptly at time 00' = (r - r')/c after its commencement. This 
replaces any use of equation 24 which is invalidated by cavitation. 


46. The surface cut-off does not affect the maximm pressure in the pulse 
but it can modify appreciably the transmitted impulse and energy. Assuming 
the exponential form given by equation 10 for the original pulse 0 C D to be 
correct, the surface cut-off decreases the transmitted impulse by the 
fractional amount 


XQ' = en ME) 
oc 


eee eee eoe eee eee eee eee (25) 


The transmitted energy is decreased by the fractional amount 


2 = Qe 
x ze Bq r ) ece eee ece eee eee eee eee (26) 
The length o/n depends on the size of the e. For example, equation 21 
gives o/n fora T.N.T. charge. he distance (r' = r) depends on the 


position of any target-point P in fig.5 relative to the explosion and the 
sea surface. 


bal The effect of reflection of the pressure pulse at a free surface 
has so far been treated by the methods of the theory of sound. The second 
order terms in the hydrodynamical equation, which are neglected in the 
theory of sound, are nevertheless of decisive importance when the incident 
pulse reaches the surface at nearly glancing angles. 


A mathematical discussion 12a has shown that if the peak pressure 
in the shock wave, in pounds per sqein., reaches the free surface at an 
angle of incidence less than a critical angle =(90-0.21 )9, 
then the cut-off theory is approximately accurate. Should the angle of 
incidence be greater than the critical angle, then the cut-off theory is 
not correct in that it predicts too high a value of the peak pressure near 
the surface, and too short a duration. The failure of the simple cut-off 
theory becomes of practical importance when consideration is given to large 
explosions in relatively shallow water. 
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47. For a given charge at a given depth, the fractional decreases in 
impulse and energy will become greater as (r' - r) decreases; this will 
occur as the depth of P from E N increases. The resulting influence of 
surface cut off on the variation of damage with distance and orientation of 
explosion relative to the target is discussed later. Therefore it follows 
that damage to a surface vessel by the pressure pulse should tend to be less 
near the water line than near the bottom of the vessel, subject of course to 
the effect of any marked difference in strength of the ship's structure at 
different levels. 


Reflection of the pulse at the sea-bed. 


4.8. Pressure-time records of underwater explosions often show a pressure 
pulse, following, and partly superimposed on, the main pulse. The obvious 
interpretation of the second pulse is that it represents the reflection of the 
main pulse on the bottom. The time delay between the direct pulse and the 
reflected pulse agrees with expectations, but the magnitude of the reflected 
pulse is extremely variable, elthough it correlates in a general way with the 
hardness of the bottom. Tis the peak pressure in the reflected wave from 
a rock bottan might be as large as 30-50% of the direct pulse, while for a 
muddy bottom, the reflected pulse might be altogether absent. Should the 
bottom consist of a layer of mud or sand over rock, the reflection appears to 
occur on the rock surface. 


49-6 The sea bed is so variable that it is difficult to make quantitative 
predictions of the reflected pulse. Indeed, no satisfactory theory has so 
far been developed except in two elementary limiting cases. The first 
limiting case is that where the sea bed is so very soft that it behaves 
exactly the same as water itself, and therefore gives no reflection. The 
second limiting case is that where the sea bed is completely rigid, and the 
reflected wave is therefore (in the theory of sound approximation at any rate) 
identical with the incident pulse. No actual sea bed is rigid, but a rock 
bottom might behave as an almost perfect reflection for very weak pulses 
(iee. of order a few hundred p.sei. peak pressure). 


Charge well away from sea=-bed 


50. First, the explosion will be assumed sufficiently far from the sea-bed 
for the initial events in the inner region found the charge to be unaffected 
by the sea=bed. The pressure pulse sent out by the explosion will then be 
the same as for a charge in mid-water independent of the sea-bed and on 
reaching the sea=-bed the pressure in the pulse will be assumed small enough 
for the simple linear theory of sound pulses to apply. 
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51. For a plane rigid sea-bed 
the necessary boundary condition 

is that there is no particle 
velocity of the water perpendicular 
to the sea-bed. This condition 
is satisfied if the effect of the 
sea-bed is considered equivalent 

to an image explosion at E'', equal 
in every respect to the actual 
explosion at E in fig. 7. 


52. The pressure/time curve at 
any point P due to the original 
pulse and the reflected pulse 
would then be of the fom 

0 Cc 0' CF, in fig.8, corres 
simply to the addition of pressur 
time ourves of the form 0 C D and 
O' C' D' in fig. 6a, from a single 
explosion at distances E P and 


E'' P respectively. 
Fig./ - Reflection of pulse 
at sea=bed 53. In practice, no sea=-bed is 
completely rigid and the reflected 
pulse is smaller in magnitude than 
that indicated by the preceding assumption of complete reflection. 
Moreover, the sea-bed may distort the shape of the reflected pulse. 
In fig. 8 the portion 0' C F would then be replaced by the smaller 
and more rounded bmp O° GH. 
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54¢ For a point Q on the sea-bed 
in fige7, the theory of complete 
reflection gives a reflected 
pulse fram E'' exactly equal and 
synchronous with the incident 
pulse from E and the resultant 
pressure/time curve is simply the 
original pulse doubled in 
pressure. In practice, such 
doubling is not attained but the 
maximum pressure, for example, at 
a point on a chalk sea-bed, may be 
50% more than for a point in mid- 
water at the same distance from a 
similar charge. 


PRESSURE 


55- Summing up, for a charge at 
some distance from the sea-bed, 
the effect of the sea-bed is 
positive in character leading to 
additional pressure which is 
largest in general at points on 
Fig.8 - Pressure/time variation at the sea-bed. An upper limit to 

a@ point near the sea-bed such a sea-bed effect’ can be 

obtained by assuming complete 

reflection to occur, the pressure in the reflected pulse then corresponding 
to that from a charge in open water at the image B'' in fig. 7. Asa 
final point, there is some limited experimental evidence that the 
reflection becomes more complete at more distant points to the side 
corresponding to near glancing incidence. 


Charge on sea-bed 


56. When the charge is on or near the sea-bed the events in the inner 
region, where the pulse is "born", are themselves affected by the 
presence of the sea-bed and the direct pulse sent out from the charge is 
no longer the same as for a similar charge well away from the sea-bed. 


57. For the theoretical case of an infinitely rigid sea-bed it would 
still seem permissible, however, to, assume that the presence of the sea-bed 
is equivalent to an equal charge at the image point, the new effect being 
that the charge and image charge interfere with one another. For the 
limiting case of a hemispherical charge of weight W on the sea-bed, 
theory would predict the same effects as a spherical charge of weight 2 W 
in mid-water. Equations 11 and 16 would then indicate a resultant pulse 
from the charge on the qea-bed having both pressure and time scale 
increased by a factor 2 = 1.26 as compared with the same charge in 
open water. The corresponding energy per unit area of pulse front 
would, by virtue of equation 13, be simply doubled. This does not, of 
course, mean any change of total energy in the pulse since this is 
propagated out through a hemisphere when the charge is on the sea~bed and 
not through a sphere round the charge as in open water far from the 
sea-bed. These theoretical results for an infinitely hard sea-bed are 
subject to modification for actual sea=beds. 


58. In practice, soft mud sea-beds behave effectively as further water, 
that is, the pulse is unaffected by the presence of the sea-bed and is 
the same as for a charge at the same distance in nid-water. 
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59™ A mathematical explanation of the "blind band" has not so far been 
given, no doubt because of the complexity of the problem. However, fast 
cine photographs of the motion caused by an electric spark (to similate 

an explosion) made at the interface of two liquids, the lower one having 

a slightly greater density than the upper, show a bubble of very peouliar 
form. The collapsing stages are indeed remarkable, but what is more 
important for the present considerations is that the bubble in the upper 
liquid even in the very early stages is slightly elliptical, with the 
vertical radius greater than the horizontal. The lower liquid throws 

a degenerate type of circular curtain up into the upper bubble and the 

inner regions of the interface move upwards. Now these peculiar bubble 
shapes must imply that the associated pressure pulses in the two liquids 
also are not hemi-spherically symmetrical. One would anticipate that 

the pressure pulse near the interface would be anomalous, as indeed is 
observed. The blind band and the oavity, or crater, in the lower mediun 
are in fact correlated manifestiations of the same mechanical phenomena, 

and both are generated in the very early stages of the expansion of the 
explosive gases. Accepting this view, one would not expect artificial 
obstructions on the sea bed to produce "screening", i.@. a blind band. 

This is found to be the case. Furthermore, one would not expect to be 

able to detect a "blind band” in the air blast from an explosion on the 
ground, except very close-in, because the non-linear terms in the hydro- 
dynamics of air blast are so very mich more important than they are for 
water blast, and the departure from “geometrical optics" is correspondingly 
far greater. 

60.* Two mathematical investigations, one supported by cognate experimental 
evidence relating to the reflection of pressure pulses at an interface, 

may be briefly mentioned here. The first is limited to weak pulses, so that 
the theory of sound is applicable, and is due largely to Arons and co-workers 
at Woods Hole. The second is purely mathematical(2) and relates to a 
finite step pulse in one medium meeting a second medium at a plane interface. 


According to the usual theory of wave motion, when an infinite train 
of plane harmonic waves moving through a “lighter” medium in which the wave 
velocity is c meets the plane interface with a "denser" medium in which the 
wave velocity is C, reflection and refraction occur, and the refractive 
index is 


pe= Wc 


Angles of inoidence greater than or equal to the "oritical angle" 
c = cosec™! , induce total reflection. Notice that depends only on 
the ratio of the two wave velocities and not on the frequency. 


By means of a Fourier transform, a pulse of any form may be expressed 
as a synthesis of various harmonic waves. The pulse shape of interest for 
underwater explosions has a sharp front and decays exponentially, anda 
manageable Fourier integral can be found for this case. Since the oritical 
angle of reflection is independent of requency, such a pulse should be 
reflected completely for angles greater than the critical angle. 
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The interesting point arises, however, that each component in the 
incident pulse experiences a change of phase, the value of which is 
independent of the frequency. If all the components of a Fourier transform 
suffer the same change of phase, the resultant shape of pulse is changed, 
especially inthe region of a steep front. 


This simple but important conclusion agrees with experiment but 
recent work at Woods Hole has shown that the reflected wave can only be 
reproduced by the mathematical analysis if an appreciable absorption of 
energy is assumed in the reflecting medium. Particularly interesting 
is the work, both theoretical and experimental, on the multiple wave system 
in shallow water (12b). 


The considerable algebraic and computational difficulties of the 
problem of the reflection and refraction of finite pressure pulses meeting 
an interface are demonstrated in an article by TauKk12c). A step pulse, 
lead by a shock wave, incident obliquely at an interface with a "denser" 
medium, always gives a shock in the denser medium, and a reflected Mach 
or a regularly reflected wave, depending on the angle of incidence and the 
mechanical parameters, in the lighter medium. A general solution has not 
been obtained. 


61. To sum up, for soft sea-beds the presence of the sea-bed may in 
general be neglected and the explosion assumed to take place in an infinite 
depth of water so far as the pressure pulse is concerned. For hard sea= 
beds the effects differ appreciably according as the charge is well away 
fran the sea=-bed or not. If the charge is not near the sea=bed the latter 
acts as a partially reflecting surface and the maximum effect of the sea=bed 
occurs for points on the sea-bed. On the other hand, a charge of weight W 
on a hard sea=bed can be equivalent to a charge of weight 2 W in mid-water 
so far as the pulse arriving at points well away from the sea-bed is concerned 
At the same time, it can hehave as of weight less than W for the pulse at 
points on the sea-bed. This phenomenon has yet to be satisfactorily 
explained. 


The gas bubble 
Oscillation and rise of bubble in mid-water 


62. After the pressure pulse has been propagated well away from the 
explosion the motion of the gas bubble and the surrounding water take 
Place relatively slowly in comparison with the initiel events producing 
the pulse. Hence, whilst the compressibility of the water is an all 
important factor for the pressure pulse, it is quite a good approximation 
to neglect this compressibility during most of the bubble motion. The 
mathematical treatment is, therefore, based primarily on the ordinary laws 
for incompressible flow as given in standard text books of hydrodynamics. 
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63. Although the oscillation of the bubble had been predictea, little 
significance was attached to bubble motion until World War II when interest 
was revived by the appearance of two important papers, one British, the 
other American; these two papers have formed the basis for most of the 
subsequent theory of bubble motion. An outline of the basic theory in the 
British form is given at Appendix B. Equations B8, B9 and B10 enable the 
bubble motion to be computed. Fig.10 shows graphically the results 
calculated for a small charge of 4.65 lb. of T.N.T. exploded at a depth of 
20 ft. below the sea surface. 


64. The curve 0 ABC in 
fig.e10 shows that the bubble 
first expands to a maximum 
radius of 5 - 6 ft. and then 
contracts to a radius rather 
less than 2 feet before 
commencing to expand again. 
At the same time, the bubble 
tends to rise, at first very 
slowly while the bubble is 
expanding,and then very 
quickly when the bubble 
becomes of small radius again. 
This rise is represented by the 
curve ODEF. 


SEA SURFACE 
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DEPTH OF CENTRE 
OF BUBBLE 


RADIUS OF BUBBLE— ft. 
6 
DEPTH OF BUBBLE CENTRE —ft. 


7 RADIUS 65. Using Bernoulli's equation, 
Seats the pressure in the water 
associated with the bubble 
motion is found to be completely 
° o1 o2 o3 o-4 negligible except when the bubble 
TIME — sec. is near its minimum radius. 
The pressure then rises sharply 
to give the effect of a second 


Fige10 - Curves showing calculated explosion emanating from the 
bubble motion position of the bubble at this 


time. The resulting pulse 

will be termed the "first 
bubble pulse". If the pressure at a fixed distance from the bubble be 
considered, the first bubble pulse is relatively feeble compared with the 
original pressure pulse. On the other hand, since the bubble is moving 
upwards, a target point above the original explosion may be relatively close 
to the bubble at its first minimum and the resulting bubble pulse may have 
a damaging effect comparable with that of the original pressure pulse 
emanating from the more distant centre of the original explosion. Fora 
fixed point 6 ft. below the sea surface and 14 ft. directly above a charge 
of 4065 lbs T.N.T. exploded at a depth of 20 ft. the calculated pressure 
in the first bubble pulse is shown in fige 11. 


For comparison it may be noted that the original pressure pulse would have 
a maximum pressure of about 2,000 lb. per sq. in. and a time constant, 4/n 
of about 0.0002 sec. The bubble pulse is thus of much lower pressure but 
has a longer effective duration than the original pulse. 
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#09 66. Underwater photography and 
piezu-electric gauges have been 
used to obtain considerable 
empirical data on bubble motion 
resulting from small explosions 
in experimental tanks. 
Qualitatively, experiment 

100 confirms the theoretical 
predictions that the bubble will 
oscillete while rising and that 
it will send out a4 pulse at each 
minimum, the pressures in each 
pulse being small compared with 
those in the original pressure 
pulse but of longer effective 

0:26 0:27 028 029 o:3 duration. Quantitatively, the 
TIME~ sac. theory has given good predictions 
of observed period of first 
oscillation and the rise during 


Fige11 - Calculated pressure/time this period. The theory cannot, 


PRESSURE — Ib per sq in 


variation of first bubble however, predict with much 
pulse accurecy the form and magnitude 


of the first bubble pulse and the 
curve shown in fige11 should not be regarded as an accurate quantitative 
prediction. This defeot of the theory was expected since the collapsing 
bubble tends to become unstable and depart from spherical shape and may even 
split into separate smaller bubbles which coalesce into a single bubble 
again on re-expansion. Further, near the minimum radius where changes are 
rapid it is no longer a good approximation to neglect the effects of 
compressibility. In general, therefore, the theory cannot be expected to 
predict with accuracy any quantity depending primarily on events when the 
bubble is near its minimum radius. It may be noted that although in fig.10 
the most pronounced rise occurs near the minimum radius, this rise depends 
mainly on upward momentum acquired when the bubble is large. (The force 
producing the momentum is the buoyancy of the bubble which increases with 
the size of the bubble). The breakdown of the theory when the bubble is 
small does not, therefore, invalidate its use for estimating the rise of 
the bubble in the first oscillation. 


67. With suitable sizes of charge and depths of explosion, several 
oscillations of the bubble may take place before it breaks surface or 
degenerates into smaller bubbles. The period of the second and later 
oscillations and the associated rise owing to the net hydrostatic force 
cannot, in general, be predicted with the same accuracy as the initial 
oscillation and rise. This further defect of the theory is undoubtedly 
associated with loss of energy during oscillation due to such causes as 
turbulence which are not allowed for in the theory. Due to this loss of 
energy, the later oscillations tend to become more rapid. For example, 
in an experiment with 1 oz. charge of Polar Ammon Gelignite exploded at a 
depth of 7 ft. in 15 ft. of water the periods of the first, second and 
third oscillations were found to be 0.072, 0.049 and 0.035 sec. 
respectively. The associated energies of the bubble motion would then be 
about 9000, 3000 and 1000 calories for the successive oscillations 
indicating that for this case about two-thirds of the energy was 
dissipated in each oscillation. 


24 


68. The main qualitative features of the bubble motion in mid water as 
predicted by theory and observed experimentally, can be summarized as 
Pollows:- 


(1) an oscillation of the gas bubble, 
(2) the rise of the bubble due to tne net hydrostatic force, and 


3) the production of bubble pulses subsequent to the original 
P Pp 
pressure pulse. 


The initial explosion is followed, in effect by subsidiary feebler 
explosions. If the explosion takes place well to the side of the target 
these "explosions" are relatively unimportunt. If a charge is exploded 
vertically below a target, however, the rise of the bubble under gravity 
May cause one of the later explosions to occur very close to the target 
and contribute appreciable damage. This phenomenon of enhanced damage 
when an explosion takes place beneath a target instead of to the side, has 
been observed experimentally and is possibly the most important practical 
consequence of the bubble motion. 


Behaviour of bubble near free and rigid surfaces 


69. Possibly the most remarkable features of bubble behaviour are those 
associated with the presence of nearby surfaces. One extreme aspect is 
the behaviour of the bubble at the free surface of the sea where there is 
virtually no resistance to flow and where the pressure remains constant. 
The second extreme feature is the behaviour of the bubble at a completely 
rigid surface preventing any flow perpendicular to it. The effects of 
such surfaces have been both predicted mathematically and observed 
experimentally on the smallscale.* Briefly they are as follows:- 


(41) A free surface exerts, in effect, a weak attraction for the 
bubble while it is expanding followed by a strong repulsion 
when the bubble is small and contracting. The net effect is 
that the bubble tends to move away from a free surface during 
a complete oscillation. 


(2) A rigid surface exerts a weak repulsion for the bubble while 
it is expanding followed by a strong attraction when the bubble 
is small and contracting. The net effect is that the bubble 
tends to move towards a rigid surface and stick to it when in 
contact. 


In both cases the attractions and repulsions increase with decreasing 
distance from the surface, subject in cause 1 to the bubble not breaking 
surface on its expansion. 


70. ‘The repulsion from a free surface and the attraction to a rigid 
surface are in the nature of what is known mathematically as a second- 
order effect. It is not possible, therefore, to give any short account 
of the underlying theory ‘ and attention will be concentrated on the 
qualitative results in connection with the effects of the sea surface and 
the sea=bed on the motion of the bubble. 


x The reader is strongly recommended to see ciné-films of bubble motion. 
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Motion of bubble near sea surface 


71. The sea surface behaves as a free surface and repels the bubble 
downwards. For an explosion near the sea surface there are, therefore, 
two opposing effects; the repulsion of the bubble by the sea surface, and 
the tendency for the bubble to rise under the net hydrostatic force. Consider 
similar charges exploded at different depths, excluding extremely shallow 
depths for which the bubble vents on its first expansion. As the charge 
depth decreases the repulsion of the free surface increases; the gravity 
rise will also increase, but more siowly because the operative "depth" 
affecting this rise is measured from a point 33 ft. above sea level (since 
the atmospheric pressure is equivalent to a head of 33 ft. of sea water.) 
For a shallow charge the repulsion can be the stronger effect and the 
bubble will sink, whilst for a deep charge the surface effect will be smal] 
and the bubble will rise. At some intermediate depth the two effects can 
exactly cancel and the bubble neither rises nor falls. Therefore, the 
major effect of the proximity of the sea surface on the motion of the 
bubble is a downwards repulsion tending to lessen and even reverse the 
upwards motion due to gravity. 


Motion of bubble near ueesbed's 


72. Experiments suggest that sea-beds in fact behave qualitatively like 

a rigid surface in the sense that they tend to attract the bubble. With 
very soft sea-beds and/or charges some distance from the sea-bed, this 
downwards attraction is weak and manifests itself only as a small decrease in 
the rise due to the net hydrostatic force. With charges close to. or in 
contact, with hard sea-beds, the attraction is strong and the bubble 

tends to stay on or near the sea-bed until it breaks up into small 

bubbles. 


73. An important additional effect observed experimentally is that the 
proximity of the sea-bed tends to suppress the oscillations and the 
bubble pulses. Thus with 1 oz. charges and a gravel sea-bed three 
pubble pulses were detected for an explosion at 6 ft. from the sea-bed 
whereas explosions at 1 ft. 6 in. or less from the sea-bed gave only a 
single bubble pulse. Experiments with 1 oz. charges and an artificial 
(steel plate) rigid sea-bed showed a similar qualitative effect but the 
second pulse was evident at a charge distance of 1 ft. though not at a 
charge distance of 6 in. Charges of 1 lb. to 5 1b. exploded on or near 
a mud sea~bed also indicated this suppression as the position of the 
charge approached the sea-bed, and with the charge actually on the sea-bed 
there was rarely more than one bubble pulse which was of a broken nature. 
Therefore, the major effects of the proximity of the sea-bed on the 
bubble motion are first, a downwards attraction tending to lessen or even 
reverse the upwards motion due to net hydrostatic force, and secondly, a 
suppression of the later oscillations and bubble pulses. 


Visible surface phenomena 


74. The visible surface effects, often very spectacular, consist 
essentially of a spray dome produced by the pressure pulse and a 
subsequent plume produced by venting of the gas bubble. The dome and 
plume are not of direct significance in connection with damage. However, 
a knowledge of surface phenomena may enable the expert to estimate the 
size and depth of an explosion if photographs of the dome and plume are 
available. This can be of operational value. 
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Spray dome 


75e The spray dome depends on the pressure pulse being reflected as a 
tensile pulse at the surface with subsequent cavitation of the water. To 
understand the mechanism of the formation of the dome it is first assumed 
that the pulse can be treated as a small-amplitude plane wave. 


(a) 


Fige12 = Curves showing the distribution of pressure with depth 


immediately above the explosion 


In fige12a, the curve AB Q represents the distribution of pressure with 
depth immediately above the explosion at the instant when the front of 
the pulse reaches the surface. At a later time the pulse, which would 
have reached the position 4' B' Q§ in fig.ei2b if there were no surface, 
is instead reflected as a tensile pulse. The tensions in this wave are 
given by the curve AN FD which is the image in AC of the portion 

4&' B' NA of the original pulse which has ceased to exist. The pressure 
in the water (apart from the hydrostatic pressure which is negligible in 
comparison with pulse pressures) is then given by the difference between 
the curve AN Q'representing the remaining original pulse and the curve 
AN FD representing the reflected pulse. Over the depth A D the net 
result is a tension in the water increasing from zero at the surface to a 
magnitude EF at the depth D. Let the instant depicted in fig. 12b be so 
chosen that E F is equal to the greatest tension that the water can 
withstand. At this instant, therefore, the water will cavitate at the 
depth D and the layer of thickness A D will be projected upwards. The 
top D F of the water below will then behave as a new free surface from 
which the remaining pulse D E Q is reflected as a tensile wave and the 
whole process can be repeated. If £ F, representing the tensile 
strength of the water, is small compared with D F, representing the maximum 
pressure in the original pulse, a succession of thin layers is projected 
upwards each of which will break into dropse 
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76. The reflected pulse is produced in effect by a "negative" charge 
above the water tending to suck the water towards it. The particle 
velocity in the water due to the reflected pulse is thus upwards, that is, 
in the same direction as that due to the original pulse. If the 
cavitation tension E F is very small, the tension in the reflected pulse 
will be approximately uniform throughout the thin layer A D and equ’.1 to 
the pressure, similarly uniform, due to the original pulse. Each pulse 
will then contribute approximately equal particle velocities and the total 
particle velocity will be approximately twice that due to the original 
pulse. Considering the first very thin layer and using equation 17 the 
velocity of upwards projection of this first layer will be 


2Pn 

Mie ~ fo eco eee eee eee eee eee eco eco (27) 
where py is the pressure at the pulse front. For the next layer the 
same type of formula would hold but P,, represented by DF in fige 12b, 
is replaced by the slightly smaller pressure represented by D E. Since 
the pressure in the original pulse decreases steadily each successive 
layer will be projected with slightly smaller velocity than the preceding 
layer. In particular, therefore, the top of the dome is formed by drops 
from the first initial layer and attention will be concentrated on this 
layer. 


77- So far, only a point 
immediately above the explosion has 
been discussed. In fige13, B 
represents the charge and E' its 
image in the sea surface A C. 
Consider a point P in the direction 
E P making angleO with the 
vertical. Due to the original 
pulse, the initial particle velocity 
at P is u, in the direction E P, 
whilst due to the reflected pulse 
it is u, directed along PE'. The 
resultant velocity v of the water 
projected initially at P is thus 


{ 
! 
(ae 1 oe 2Pm 
a es h>7 iy v = 2u,cos0 = oS cos 2. «.- (28) 


where By refers to the maximum 
pressure at P. Since Py, and u, 
vary inversely as the distance E P, 


Fige13 - Resultant velocity of the variation of v along the surface 
projected water for a given weight and position of 


charge is of the form 


Votcod O's.) ae (29) 
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The initiel upwards velocity of 
the drops thus decreases 
steadily as the horizontal 


abies 2 ia s distance from A increases and 
Ww, 0; leads to a dome-shaped contour. 
lane With the assumption made, the 
R S dome would extend to infinity 
! but the introduction of a finite 
l value for the tension 
at which water cavitates would 
restrict the dome to a finite 
area of surface as observed in 
practice. Further, for a 
finite cavitation tension, the 
Fig.14 - Variation in thickness of thickness of the initial layer 
the initial layer of spray projected at P in fig.i4 will be 
dome greater than at A, the variation 


of thickness with distance A P 
being qualitatively of the shape RDS. As the layer increases in 
thickness a stage will be reached where it no longer breaks up to be 
projected as spray and an edge will be formed to the visible dome. 


78. Beyond the dome there is thus a region in which rupture occurs below 
the surface to form a relatively thick top layer in a state of tension. 

It is observed in practice that the spray dome is surrounded by a "black 
ring", the outer radius of which is fully double that of the dome. If a 
given size of charge is exploded below a certain depth there is no spray 
dome, the maximum pressure being insufficient to cause cavitation in thin 
layers. Empirically, this depth for T.N.T. charges occurs when the maximum 
pressure Py, in the pulse on arrival at the surface is less than about 

1/3 ton per sqe ine Thus, for example, there is no spray dome if a 

300 lb. charge is exploded deeper than about 140 ft. 


The precise mechanism of the surface phenomena has not been finally 
elucidated. Spark photographs of small sub-surface explosions, show that 
the free surface, as it is thrown upwards, breaks into a very large mmber 
of "needles or spikes". The tops of the needles peel off as drops. The 
implication of this result is that an instability of the interface has appeared 
at some early stage in the upward motion. This agrees with some mathematical 
and experimental investigations of G.I. Taylor and D.L. Lewis. They have 
proved that if a system composed of two media, with a common interface 
containing small irregularities (i.e. ripples), is accelerated in the direotion 
from the denser medium to the lighter medium, the irregularities grow 
exponentially with time. The shock wave striking the free surface is a limiting 
case of this phenomenon, in that it causes a finite change in velocity 
instantaneously. The effect is to cause the crests of any small irregularities 
to shoot ahead of the main bulk of the water. 


The initial velocity of the "profile" of these water drops is greater 
than the velocity v, considered in equation (29). Were this not so, 
measurements of the initial velocity distribution of the dome would permit 
one to calculate the exact depth of the explosion, and the peak pressure- 
distance relationship. Such calculations have in fact been made with 
reasonable success; and one must therefore conclude that the instability 
in the very early part of the motion of the dome is soon absorbed in the bulk 
motion, which thereafter proceeds as if the instability had never existed. 


The magnification of surface ripples by the underwater shock decreases 
rapidly with horizontal distance away from the point on the surface above 
the explosion. Cine photographs of the surface show a darkening effeot 
before anything else can be seen (18a). The exact size of this "black ring" 
depends on many factors, especially the lighting conditions, but there can 
be no doubt that the fundamental explanation is to be found in Taylor's 
ideas on the instability of an accelerated interface, in contrast with other 
explanations which relate the darkening to cavitation below the surface. 
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79.6 The spray dome is not of direct interest in connection with damage 
since it represent energy wasted from the attacker's point of view. 
However, the theory of its formation, using equations 27 and 28 or more 
complicated analogous formulae allowing for a finite tensile strength of 
water, can be of some use for subsidiary purposes in conjunction with 
experimental measurements from cine films of spray velocity, size and 
shape of the dome. In particular, the depth of explosion of charges 
dropped from aircraft can be estimated whilst on the more fundamental 
side such measurements can be used to obtain empirical data for the 
maximum pressure Py in the pulse. 


80. Occasionally, it is possible to distinguish a later secondary spray 
dome due to the first bubble pulse. The effect is generally indistinct 
because for deeper charges the bubble pulse and the resulting secondary 
dome are small, whilst for shallower charges this dome tends to be 
obscured by the plumes breaking through very soon afterwards. For 
charges near enough to the surface for the bubble to break surface on its 
first expansion, for example, 20 ft. or less for an amatol depth charge, 
there is of course no bubble pulse and no secondary dome. 


The plume 


81. The second phase of the visible surface effects is the eruption, 
through the dome of the water displaced bodily by the bubble motion. 

The resulting plume is somewhat variable in character and time of appearance 
but it has been possible in some instances to relate, at least approximately, 
the plume phenomena with the bubble motion. For a 500 1b. T.N.T. charge 
exploded at a depth of 50 feet, the first sign of plume appears 14 sec. 
after the first appearance of the spray dome. For shallower depths of 
explosion the interval becomes shorter until finally the plume and dame 
become indistinguishable. On the other hand, as the charge depth inoreases, 
the interval becomes longer and the effects decrease. At a depth for 

which the spray dome no longer occurs, all that appears of the plume is a 
churning of the surface some seconds after the explosion as the residual 
gases stream up, the gas bubble having degenerated into small bubbles with 
little internal pressure. 


82. A remarkable plume results from the detonation of a charge close to 
the surface when the gas bubble vents through the surface with a high 
efflux velocity. The plume structure from a n type of explosive of 
weight W lbs. detonated at a depth D feet, where W3/D is about 4 lbs.3 
feet1, i.e. a charge with its centre at about one charge diameter below 
the surface, is shown in the diagram. This illustrates the typical 
behaviour of such shallow underwater explosions. 


When the gas bubble vents, the gas rapidly overexpands, entraining 
water from the region of venting into the brush-like cloud zone which 
consists of finely divided water and gas, and so tends to disperse rapidly. 
Meanwhile the detonation impulse imparted below the surface generates an 
expanding cavity which is almost hemispherical. The water close to the 
free surface is, however, unconstrained and peels upwards to fom the stem 
of the plume, the base of the stem keeping in step with the expanding 
cavity. The hollow nature of the stem sheath has been confirmed by pulse 
X-ray photographs. The gas pressure within the stem rapidly falls to a 
sub-atmospheric value as the stem expands and the excess pressure of the 
outside atmosphere makes the fluid in the stem reconverge into a jet which 
moves upwards with a high velocity. A tall slender column ensues which 
reaches a relatively great height and is characteristic of such shallow 
explosions. 
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If the depth of detonation D is increased slightly the initial 
appearance of the plume is slightly changed because the gas pressure on 
venting is reduced. The dimensions of the cloud zone diminish with the 
respect, to the diameter of the stem until for a depth of detonation D 
where W3/D is about 1.3 1b.3 feet! the cloud zone width equals that of 
the sten at maximm growth, iee. about 20 charge diameters. The mechanian 
of stem and jet formation is, however, fundamentally unaltered. For 
geometrically similar shallow underwater explosions of different scales, 
the dimensions of the various plume features scale roughly as the linear 
dimensions of the experiment or as the cube root of the charge weight. 


Some idea of the heights attained by the jets from such shallow 
underwater explosions is afforded by the following figures. A 10 lbs. 
charge of P.E. No. 2 at a depth of 1.6 feet, i.e. where wy = 1.3 forms 
a jet which reaches a height of over 200,feet. A 300 lbs. depth charge 
fired at 5 ft. below the surface, ise. W3/D = 1.4 forms a jet which reaches 
over 600 feet and is only about 30 to 40 feet in diameter. 


. Fig.1 


CLovo zone, 
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INTERACTION BETWEEN TARGET AND WATER PHENOMENA DUE TO 
NON-CONTACT EXPLOSIONS 


83. So far in this chapter, the explosion has been assumed to take place 
in open water with no target present and attention has been concentrated 
on the resulting pressure in the water, However, the presence and 
behaviour of the target modifies this pressure so that it is not possible 
to make the simple assumption that the target is subjected to the 
pressure which would occur in the absence of the target. The important 
and rather difficult problem of the interaction between target and 
explosion effects must, therefore, be considered 


8. First, the effects associated with the pressure pulse will be 
studied. Existing theories for the interaction between the pressure 
pulse and a target have followed two basic lines depending on two 
different simple types of target:- 


(4) the target is assumed to be plane and of infinite extent 
but capable of yielding. 


(2) the target is considered to be plane but only a finite 
area is assumed to yield, the remainder cf the target 
being fixed and rigid 


In general, the first type of theory is more relevant to actual ship 
targets whilst the second type of theory is especially relevant to 
special types of single-plate targets used in small-scale research 


Pressure pulse incident on infinite plane air—backed plate 


85. The dimensions of actual ship targets are usually large compared with 
the effective length of the pulse and the curvature of the ship's plating 
is small, Therefore, it is not unreasonable to regard the hull plating 
to be an infinite plane platee As a further simplication, the 

resistance to deformation of the hull is represented by a resistance 
distributed uniformly over the plane area, the movement of any element 

of area being opposed by a force proportional to displacement™ of the 
element. 


Such a resistance is usually associated with an elastic spring but, 
as explained later, this linear relation holds also for plastic 
stretching of a plate; it is the latter rather than the former which 
is being simulated, since elastic deformation itself involves no 
permanent damage. 
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4 INCIDENT PULSE 
" FROM EXPLOSION 


PLATE 


AIR 


Fige 15 - Pressure pulse incident on 
unit area of infinite plate 


where € 


mn 


86. For the simplest case, the 
pressure pulse arrives at normal 
incidence and the explosion is 
sufficiently far away for the 
pulse to be treated as a plane 
wave. Every element in the 
plane plate then behaves in the 
same way and attention can be 
fixed on unit area. The 
incident pressure pulse from the 
explosion will then give rise to 
a reflected pulse, the form and 
magnitude of which will depend 
on the motion of the plate. 
Fig. 15 shows the pressure pulse 
incident on unit area of 
infinite plate. Expressions 
for the displacement of the 
plate and the pressure on it are 
derived at Appendix C where it 
is shown that if 


peler fessor) Meestl 150) 


wade Paice pistes salad) 


+ = time measured from the first arrival of the pulse at 
the plate 

x = displacement of plate 

k = resistance to motion for unit area per unit displacement 
of the plate 

P, = pressure in incident pulse 

Pp, = pressure in reflected pulse 

Pp = pressure on plate 

Pp, = maximum pressure in incident pulse (at time t = 0) 

u, = particle velocity due to the incident pulse in water 
touching plate 

u, = particle velocity due to the reflected pulse in water 
touching plate 

f = mass density of water 

c = velocity of sound in water 

m = mass of plate per unit area of surface 

n = exponential parameter determining rate of decay of pressure 

2p, 
Then x = eee Gnlseee -fe 
mn (€-1)€ 
2Po -nt ent 
P = P+ = e -6 


Brie. qicisis ences (32) 


PRESSURE 


~! TIME 
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Fig, 16 - Pressure _on plate when there is no cavitation at plate or in water 


Fig. 16 illustrates the pressure/time variation of equation 31 
diagrammatically and shows that the pressure acting on the plate will 
be initially 2p, which corresponds to instantaneous complete reflection 
The pressure then decreases to zero, followed by negative values 

which will ultimately tend to zero asymptotically. 


87. This occurrence of tensions between the water and the plate raises 
immediately the question as to whether any appreciable tension can in 
fact be sustained between water and paint or steel. Further, if the 
preceding theory were correct, after tension develops between the plate 
and the water, there will also be tension in the water for some distance 
away from the plate. Can water withstand these tensions? Moreover, 
even if the water does not break, can it exert an appreciable tension 
on the plate? The answers to these questions, affect vitally the whole 
problem of damage to air-backed plates by the pressure pulse. Three 
cases will be considered: - 


(4) The water sticks to the plate and does not cavitate. 


(2) The water cannot exert any tension on the plate, but does not 
itself cavitate. 


(3) The water cannot exert any tension on the plate and itself 
cavitates after the plate leaves the water. 


Water sticks to plate and does not cavitate 


88. Equation 30 holds for any value of time and the maximum value of 
the displacement, which occurs when + becomes infinitely large, is given 
by 

2D, 2p, 
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This maximum displacement is independent of the target properties, being 

in fact simply twice the displacement associated with the pulse in mid-water 
with no target present. It indicates, for example, that at 50ft. froma 
charge of 300 lb. T.N.T. the maximum deflection of the plating would only 
be about 0.4 in. #$This is certainly too small in comparison with observed 
damage to single-hulled surface vessels having plating about 1/4 in. thicke 
In general, therefore, the assumptions of this case seem unlikely to be 
relevant in the practical problem of damage. 


Water exerts no tension on plate but does not cavitate 


89 The solution given by equation 30 is now valid only for the initial 
period t, in fig. 16 during which the pressure on the plate is positive. 
At t = t,. the plate will leave the water and will subsequently be brought 
to rest by the resistance kx. Putting p = 0 in equation 31, the time t, 
is given by 


nt, = pai log & eee ece eee eee eee (34) 
and thence by use® of equation 30 the velocity v, of the plate at this 
time is 


ail 
Vo = 22 gb oe eee eee coe eee eee (35) 


fe 


this is the velocity with which the plate leaves the water. Whilst it may 
be permissible under most relevant practical conditions to neglect the 
stiffness term kx during the time t, in order to derive equation 35, 

it is essential to introduce this resistance during the subsequent motion 
since it is then the only mechanism which brings the plating to rest. 

The subsequent maximum displacement x,,,, is easily obtained from the energy 
equation 


eye ip e 
B nox = 3m, eee eee eee eee eee (36) 


The maximum displacement given by equations 35 and 36 will be greater than 
that given by equation 33 for case 1, the stiffness k being restricted to 
values small enough for it to be neglected, as assumed in deriving both 
equations 33 and 35. For example, with 1/4 in plate and typical 
stiffness, the explosion of 300 lb. T.N.T. at a distance of 50ft. would 
produce a deflection of about 1-2 in. on the assumptions of case 2 as 
compared with the estimate of 0.4 in. for case 14 The damage (as indicated 
by maximum displacement) estimated on the assumptions of case 2 is still, 
however, on the small side in comparison with observed damage in many 
Cases. It is desirable, therefore, to see whether the remaining case 3 
will lead to greater estimates of damage. 


* Equation 35 is obtained by differentiating equation 30 with 
respect to time that is, 
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(8) (b) 


BEFORE PLATE LEAVES WATER AS PLATE LEAVES WATER 


CAVITATION FRONT 


CAVITATED 


S'UmR'N= CAVITATION TENSION 


(c) (d) 


AFTER PLATE LEAVES WATER AFTER CAVITATION OF WATER 
BEFORE CAVITATION 


Notes 
Full curves lettered P=X show incident wave travelling to left, 
pressure positive above Ox 
Broken curves lettered P'U' show refected wave (plotted negatively) 
travelling to right, pressure positive below Ox 


AB indicates original plate position 


Fige 17 - Successive stages when plate leaves water which 
subsequent ly cavitates 
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90, For comparison with case 3 it is convenient to express the results 
for the present case 2 in terms of the fraction of the energy of the 
incident pulse which is communicated to the plate. Writing, 

] 


= det 


energy comunicated to unit area of plate --. (37) 


2 


Po 
Qe Sonn = energy in the pressure pulse, incident on... (38) 
f unit area of the plate 


then from equations 35 and 32 it follows that 


hee coe coe eee eco eve coe eoe (39) 


Water exerts no tension on plate and cavitates after plate leaves water 


914. Consider the general case where the water cavitates at some finite 
tension. The conditions in the water at various stages of the motion 
are then illustrated diagrammatically in fige 17 which shows in each stage 
the incident pulse, lettered P to X, moving to the left and the reflected 
pulse, lettered P' to U', moving to the right; the latter is plotted 
negatively since it is easier to see at a glance the resultant pressure 
or tension as the difference rather than as the sum of the ordinates of 
two curves. Fig, 17a illustrates the conditions prior to the plate 
leaving the water, the net pressure, given by the difference between 

the curves PQRST and P'Q'R', being positive everywhere. (Fig. 17a 
applies also for the previous cases 1 and 2). 


92, Fige17b illustrates conditions at the instant the plate breaks away 
fron the water, the net pressure being zero at the plate and positive 
elsewhere. Fige17c illustrates the conditions after this instant but 
prior to any cavitation in the water. The water 1s subjected to a net 
tension over the range OL and to ea net pressure for greater distances 
from the original plate position The plate is now ahead of the water, 
that is to the left of AB, with a gap between The abrupt change of 
slope at T' in fige17c corresponds to the change-over as the plate leaves 
the water, from reflection of the incident pulse at the accelerating plate 
to reflection at the subsequent free water surface AB. (The conditions 
shown in fig. 17c represent also the water conditions in case 2)- 


93. Fige17c will continue to represent the events in ths water until the 
greatest net tension T'S exceeds the tensile strength of the water. The 
resultant particle velocity in the water is represented (to arbitrary 
scale) by the sum of the full and broken curves infig.17- In particular, 
therefore, the water to the left of T'S in fige17c is moving to the left 
and if T'S becomes just greater than the tensile strength of water, the 
layer to the left will break away and follow up the plate. 


94. For a finite tensile strength of water, this first layer will be of 
finite thickness, but due to the shape of the curves for the incident and 
reflected pulses, subsequent layers of -infinitesimal thickness will be 
projected after the plate and in effect a "cavitation front" is propagated 
back through the water away from the original plate position The 
subsequent conditions following such cavitation in the water are illustrated 
in fig. 17d where the cavitation front at position CD separates the water on 
the left, which has cavitated and is following up the plate, from the 

water on the right which has not yet cavitated 
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95- The cavitation front travels back through the water with a velocity 
greater than the velocity of the individual pulses, and finally the orly 
part of the reflected pulse which "escapes" from the neighbourhood of the 
plate is the part P'Q'R' in fig. 17d in which the pressure is either positive 
or, if negative, of magnitude less than the tension R'N to cause cavitation 


96 Summing up, the essential features of the motion according to these 
assumptions are first the plate is projected away from the water, secondly, 
the water cavitates and follows up the plate and thirdly, only the initial 
portion P'Q*R® of the reflected pulse escapes to large distances from the 
plate. 


97- The velocity v. with which the plate leaves the water is greater than 
the velocity of the water which follows up, but as the plate is slowed 
down by the resistance kx of the supporting structure, the first layer of 
water will catch up the platee As the succeeding layers of water also 
catch up, the plate will have an increasing thickness of water moving with 
it as it is slowed down by the resistance of the supporting structure. 
Some of the kinetic energy of the water which follows up will be lost on 
impact as each layer catches up the plate and water ahead, but the rest 

of this kinetic energy must ultimately be absorbed by the resistance of the 
supporting structure. The final maximum displacement of the plate, 
representing "damage", will thus be greater in case 3 when the water 
follows up than in the previous case 2 where there was no such phenomenon 
To illustrate the potential magnitude of such increase in damage, the 
simplest case where the water cavitates at zero tension is considered, the 
energy lost on impact as the succesive layers catch up the plate and water 
ahead being neglected 


98 With the above simplifying 
assumptions, the total energy to 
be absorbed by the val istance kx 
is the total energyS 1; of the 
original incident pulse less the 
energy fof the positive portion 
P'Q'Z' in fig. 17d of the 
reflected pulse which travels away 
to large distances fron the plate. 
With the assumed neglect of kx in 
the initial stages of the motion 
when the positive portion of the 
reflected pulse is produced, the 
energy (1 in this positive portion 
depends only on€ ani the remaining 
fraction of the incident energy 
which is to be absorbed by the 
resistance kx is shown plotted as 
the upper curve in fig. 18 against 
an abscissa Y/éE< 1° For most 
practical conditions of non- 
contact explosions against single- 
_ hulled vessels the value of € is 
relatively large corresponding to 
small values of the abscissa, less 
< than 0.2 in fige18 The upper 
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CASE 3 WHEN WATER CAN 
WITHSTAND NO TENSION 
AND IMPACT LOSSES 
ARE NEGLECTED 


o7 


CASE 2 


curve indicates that for such 
cases, over 90% of the incident 
iy energy has to be absorbed by the 
resistance of the plate to 
displacement For comparison, 
° O2 o4 o6 oe ro the lower curve in fig. 18 shows 

€ the fraction of the incident energy 
given to the plate, according to 
equation 38, for case 2 where 
there is no follow-up effect. 
For practical cases corresponding 


Fig. 18 - Energy transferred to target 
from _pressure pulse 
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to small abscissae in fig. 18 it is seen that in case 3 the energy 
communicated to the plate is about three times or more than the 
corresponding communicated energy in case 2 More damage is thus to be 
expected in case 3 than in case 2, 


99 The upper ourve of fig, 18 is based on the neglect of the energy lost 
by impac as the cavitated water catches up the plate. A more rigorous 
analysis, allowing for such impact losses, suggests that for practical 
cases of largeE , the energy finally transferred to the target is about 
two-thirds of the incident energy. This comm ated energy is still, 
however, considerably greater than that given by the lower ourve (case 2) 
in fige 18 for small abscissae corresponding to lerge€. 


100. The actual mechanian of cavitation as indicated by underwater 
photographs of air-backed plates subjected to small-scale explosions is 

the formation of bubbles in the water which at first grow in size and 

later collapse as the water piles up on the decelerating plate. Whilst 
the preceding simpler picture of the bombardment of ths plate by successive 
layers is thus not strictly correct, the main conclusions already given 

are not invalidated. The essential feature fran the damage aspect is that 
cavitation enables the water to follow-up, the plate and transfer appreciable 
extra energy from the water to the target. It appears to be relatively 
unimportant whether such follow-up takes place by the water splitting into 
layers which bombard the plate or whether it occurs by the water "stretching" 
due to the formation of bubbles which subsequently collapse as the water 
piles up on the plate and moves forward with it 


101. The effect of a plane pulse arriving at an oblique angle instead of at 
normal inoidence oan be taken into account quite simply If % be the 
angle between the pulse front and the plate (mK = 0 for normal incideme), 
then first, equations 30 to 35 can be simply gemralised by writing 

Pp, cosxfor p, andm cosXform In partioular, equation 32 becomes 


Ea ae eee eee eee eee eee eee eee (40) 


Secondly, the energy incident on unit area of the plate is no longer the 
same as the energy per unit area of the pulse front, the two unit areas 
making anglei with one anothers It is the former energy which is relevant 
and equation 38 is replaced by 


P. 008% 


OF ‘ 2pon 


Thus, if € and(lyare defined by equations 40 and 44, the ourves of fig, 18 
hold, in general, for oblique incidence as well as normal incidence, 

Taking into account impact losses, the general result that about two-thirds 
of the incident energy is transferred to the target still holds for 

oblique incidence, the only effect of incidence being the decrease of (2; ,. 
the energy incident per unit area of plate, with increasing obliquity® 


HORmOG- = Goo . HGememoco! .d6om (G4) 


‘a For glanoing inoidence, it is possible that anomalous results ocour 
but such cases are usually unimportant since\ 2; is then so small 
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402. The fact that the pulse front is spherical and not plane has also been 
investigated and it was concluded that up to the time at which the plete 
leaves the water the assumption of a plane wave is a reasonable approximation. 
Beyond this time, that is when cavitation sets in, the analysis for the 
spherical pulse is also invalid. However, it seems likely that in 
practical cases the curvature of the pulse front will still have little 
effect. In general, it seems probable that the mechanism of transfer of 
energy from water to target envisaged in case 3, involving cavitation and 
follow-up of the water is the most common process for single-hulled ships 
subjected to the pressure pulse from non-contact explosions, especially 
when the conditions are such that appreciable deformation or even rupture 
of the hull occurs. 


Pressure pulse incident on a elding diaphragm in an infinite 
unyielding baffle 


103. A considerable amount of experimental work, both empirical and 
fundamental, has been carried out by using targets consisting of a single 
circular or rectangular air-backed plate to represent a panel of ships' 
plating. In a ship, any one panel of plating dishing under the action 
of the pressure pulse, is restrained from pulling in round its edges by 
the surrounding panels of plating. 


ORUM MODEL BOX MODEL 
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Fige 19 - Essential features of box and drum models 


Fig. 19 shows a typical single plate target, the air-backed plate BC forming 
one face of a strong bax BEFC. To simulate the resistance of the 
surrounding panels and to prevent damage to the box (which can then be 
used for many experiments) the plate is much larger than the face of the 
box and is fastened by bolts or by welding to a thick rigid baffle 
indicated in section by AB and CD For the present discussion, the 
essential feature of this type of target is that the large surrounding 
baffle is relatively unyielding, being not only very stiff itself but 
also water-backed. The presence of the baffle can modify appreciably the 
transfer of energy from the water to the effective target plate BC. 

Much theoretical analysis has been carried out for such targets but it 
will suffice here to give only the analysis for the simplest assumptions 
Since this serves to bring out the essential differences between this type 
of theory and the infinite plate theory already discussed 
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104. The yielding plate BC of 

fig. 19 is represented in fig, 20 

by a rigid piston BC whose motion 
is resisted by a force proportional 
to displacement The baffle is 
considered to be effectively 
infinite in extent and completely 
Pixed and rigid. The pressure 
pulse is taken to be a plane pulse 
of small amplitude arriving at 
normal incidence to reach the 
target at time t = 0, the pressure 
in the pulse varying with 

time according to the expornntial 
form of equation 10 The problem 
can be considered in two stages:- 


PRESSURE PULSE 
FROM EXPLOSION 


(4) if the piston BC be held 
fixed then the whole 


Fig. 20 - Pressure pulse incident plane ABCD in fig. 20 is 
on yielding piston in fixed and rigid and the 
infinite unyielding wall pressure pulse undergoes 


complete reflection. In 
particular, the pressure on BC will then be twice that in the 
incidence pulse, namely - 


=n 
pressure with BC fixed = 2p,e” «+. see (42) 


(2) the effect of the motion of the piston must now be added and as 
an approximation the compressibility of the water can be 
neglected so far as this motion is concerned, The second 
stage of the problem is thus to consider the incompressible 
flow associated with the motion of a rigid piston in an aperture 
of a rigid wall So far as the piston motion is concerned, 
this flow results in an increase of the effective mass of the 
Piston by the addition of a virtual mass M', the magnitude of 
which depends on the size and shape of the aperture. 


405 For a circular piston of radius a in an aperture of a rigid wall in 
water of mass density , the virtual mass M' is given byt 


Mi os Spe ated Micicicytvesik WelesHemicis: | iMeace kei (43) 


This mass of water M' effectively moves with the piston of mass M and exerts 
a drag on the piston which decelerates it In addition, the resistance 

ke on the back of the piston also resists the movement of the piston caused 
by the incident pulse. The equation of motion® for the piston can, 
therefore, be formed from these three forces, The resistance kx is small 
in the initial stages, that is, when the force due to the incident pulse 

is not small. If the resistance kx is neglected, an approximate relation 
for the velocity v communicated by the pulse to the piston is given by 


2H ey 
(ers Ws) jertcniNhGa ste: hncutar res via Ken ale tsCatD) 


-at 


phe equation of motion is:- (cat ) 3 +kx = 2ifa'p e 


If the term kx is neglected the solution for the velocity v is- 


ax 2 a seh 278 Pp, 
ye ae: hie aT) a sas Gin 
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The corresponding energy given to the piston and the entrained water of mass 
M' is then 


Amat )v" = 2Te'p, eee eee ooo eee eee eee (45) 
2 (M4of" )n 


This energy has ultimately to be absorbed by the spring resistance and 
is the energy communicated from the water to the target. 


406. For comparison with the previous infinite plate theory it is convenient 
to express the results in terms of unit area of the piston, If 


ee Ses ail = mass per unit area of piston oe. ee. (46) 
ae 
: MaM") v~ 
Q = 2 a2 = energy transferred per unit area of piston (47) 


C) P energy directly incident on unit area of 
U 2pen piston coe eee eee eee eve (48) 


then using equation 43 for M' it then follows from equations 45 to 48 that 


a a 
ae *a(=) | Ee | Mls fees: aise a 


In equation 49, the fraction 3itm/Bpa is always small for practical ratios 
of plate thickness to plate diameter. The main factor determining the 
magnitude of (1/Cl:is thus the ratio of c/n, the characteristic length of 
the pulse as given for example by equation AY to the plate radius a For 
a given target, that is given a, the ratio yan will increase steadily 
as c/n increases, that is as the size of the charge increases and there 
will be a particular size of charge for which = i- For larger charges 
giving longer pulses, the communicated energy{Y will become greater than 
the energy$l; in that portion of the pulse which is directly incident on 
the target. What happens physically is that the pulse striking the 
baffle round the piston or plate is reflected without any absorption of 
energy and the pressure in front of the baffle is higher than in front of 
the yielding piston, Equalisation of pressure then tends to set in by the 
formation of a diffraction wave starting out from the periphery of the 
piston This wave contributes an increase of pressure on the piston and 
a decrease of pressure on the baffle. In this way, some of the energy of 
the pulse incident on the baffle is diffracted on to the piston The 
diffraction of sound pulses of small amplitude in water is similar to 
diffraction in air discussed in Part 1 Chapter 4 of this Textbook 

where it is pointed out that long pulses are subject to greater diffraction 
than short pulses. This same effect is evident in the present problem 
and is responsible for the steady increases of § dwith increasing length 

of pulse. 


107. The preceding simple theory has been extended by a number of 
refinements of which the most important is the consideration of the effect 
of the compressibility of the water. The assumption of inconpressible 
flow implies that the water everywhere in contact with the piston knows 
immediately of the reflection of the pulse at the surrounding baffle and 


42 


modifies its motion accordingly. Infact, the news of such reflection 
travels through the water with the velocity c of sound and takes time 

a/c to reach the centre of the piston by way of the water. Moreover, 

the assumption of a rigid piston implies that the effect of any increase 

of pressure near the edge of the piston is shared out instantaneously over 
the whole piston; in fact, appreciable effects travel relatively slowly 
from the edge to the centre of a thin plate - more slowly than the velocity 
c of effects in the water. The net result is that in an actual drum target 
the element of the plate at its centre is unaware of the existence of the 
baffle until time a/c and up to this time it will behave as part of an 
infinite plate and the theory of para. 85-102 is relevant 


408 From equations 3), and 32 it can be shown that t. increases as n 
decreases, that is as the length of the pulse c/n increases; this time to 
corresponds to the first occurrence of tensions with possible cavitation 

in the water. Hence, in the present problem, with a sufficiently long 
pulse the diffraction wave from the edge will reach the centre of the 

plate (in the time a/c) before the occurrence of any tension. The increase 
of pressure due to this diffraction wave may prevent any tensions 
developinge For a sufficiently long pulse, therefore, cavitation will 

not occur and the ultimate motion of the piston will be ths same as that 
indicated by the assumption of incompressible flow MThe effect of 
compressibility is then merely to produce a decaying oscillation superimposed 
on the motion for incompressible flow 


109. For the other extreme of a very short pulse, the position is quite 
different In this case, the process of case 5 involving cavitation will 
be virtually complete at the centre of the plate before the diffraction 
wave arrives from the edge and since the diffracted pressure is feeble for 
a short pulse it can have little effect on the amount of energy camunicated 
to the target 


110. For intermediate lengths of pulse, there may be both appreciable 
cavitation and appreciable diffraction!’ Physically, in such cases 
cavitation will tend to commence at the centre of the plate and spread back 
through the water as a beard of bubbly water, the bubbles being 
subsequently closed up both by the diffracted pressure from the baffle 

and by the water piling up on the decelerated plate. Quantitatively, 
this process is difficult to analyse,” but qualitatively it seems fairly 
certain that the effect of the diffraction from the baffle must be to 
communicate more energy to the target than that deduced for the preceding 
case 3 on infinite plate theory. The previous estimate for case 3 

that about two-thirds of the directly-incident energy is transferred to 
the target should thus form a lower limit for single=plate targets of 

box or drum type subjected to explosives causing appreciable damage. On 
the other hand for the longer pulses where equation 49 indicates an energy 
transfer in excess of the lower limit, the use of this equation should 
provide an upper limit since it neglects any impact losses associated with 
the closing up of the cavitated water. 


111. The essumption that the baffle is infinite in extent will be a 
reasonable approximation for a baffle of finite size only if the baffle 
width is large compared with the length of the pulse. For actual drum 
targets the outer diameter of the baffle is usually about twice the diameter 
of the air—backed plate and the assumption of an infinite baffle will not 
be justified for pulses of length comparable with, or greater than, the 
plate radius. Most experiments with drum targets have, however, been 
carried out with small charges for which the length of the pressure pulse 
is only about one-fifth of the plate radius so that the assumption of an 
infinite baffle is a fair approximation As an exception, gauges” 
composed essentially of a stout cylindrical body closed at each end by a 
copper diaphragm with a small baffle, have been used for many years in 
trials with full-scale charges, the volume of dishing of the diaphragms 
being taken as an empirical measure of the potential damaging power of the 
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explosion. In such trials with large charges, for example, 300 lb. T.NT., 
the pulse length is long canpared with the size of the gauge and the 
preceding theory for an infinite baffle is not applicable. A very 
similar approximate theory can, however, be used Thus if the pulse is 
very long compared with the gauge dimensions it can be argued that if the 
diaphragms be held fixed, diffraction round the sphere will rapidly 
equalise the pressure all over the gauge and this pressure will be 
approximately the same as that in the incident pulse. This carresponds 
simply to dropping the factor 2 in equation 42 and the remaining argument 
can then proceed as for ths infinite baffle. In particular, equation 49 
will then be modified by the insertion,of a factor 0.25 on the right-hand 
sids, that is the transferred energy is only 25% of the similar energy 
for the case of an infinite baffle. Even so, with a sufficiently long 
pulse giving a large value of c/na it iss#ill possible for the transferred 
energy to be many times the directly incident energy, although 
reflection from a baffle plays no part in the theory. In this case, the 
yielding of the diaphragm.reduces the pressure in its neighbourhood below 
the incident pressure, and energy is diffracted on to the diaphragm from 
the surrounding water which is effectively much more unyielding than the 
diaphragm It must therefore be realised that whilst the presence of a 
baffle can increase considerably the energy transferred to a plate, it is 
by no means essential to have a baffle in order that the transferred 
energy can be greater than the directly incident energy. 


112, Summing up, the main importance of the present theory involving 
diffraction effects is that it indicates a mechanism by which the energy 
transferred from the pressure pulse to a target can be greater than that 
estimated on the previous infinite plate theory. The present theory is most 
relevant to special types of single plate target used in small-scale 
experiments because for structural reasons they usually involve a baffle. 

For actual ships, it would appear that, whilst the infinite plate theory is 
in general more relevant, some increase of damage due to diffraction effects 
is possible. For example, the hull plating may be stiffened locally by 
seatings for machinery and sane of the energy incident on these stiffer areas 
will tend to be diffracted on to unstiffened panels in the vicinity. A 
similar effect can take place in the vicinity of panels forming one wall of 

a water or fuel oil storage compartment In general, such effects are 
unlikely to be large and if some allowance is to be made for them, the 
simplest correction is to replace the previous estimate (case 3, para. 99) 
that about two-thirds of the directly-incident energy is Me oie by 

the criterion that all this energy is transferred, that is t. 
Insofar as any simple criterion can be used for t sO oupee problem of 
damage by underwater explosions, this hypothesis =; is most in 

accord with experimental results. 


1135. Finally, for both the infinite plate and the finite plate theories, it 
may be noted that by expressing results in terms of the ene transferred 
to the target, the stiffness constant k only enters insofar as it has been 
assumed effectively small, Generally, provided the resisting force remains 
small in comparison with inertia forces whilst most of this energy is 
transferred, the exact nature of this resistance, for example, whether it 
is constant or varies linearly with displacement, is not important. To 
this extent, the mechanism by which the damaging effect of the explosion 

is transferred from the water to the target is independent of the precise 
nature of the deformation of the target This greatly simplifies the 
general problem and enables the transfer process to be discussed broadly 
without the added complication of a simultaneous consideration of the naturv 
of the deformation of the target. 


Bodily motion of targets due to pressure pulse 


114. Besides damage to the hull, a ship or target will tend to move as 
a whole under the action of the pressure pulse from an underwater explosivun 
Such bodily motion would be expected to decrease, if anything, the damage 
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to the hull For ships, this effect is probably small, but for small-scale 
targets, which usually only simulate a typical part of the ship's structure, 
the bodily motion will be proportionately larger and it is of some 
importance to estimate whether it is likely to affect the damage. 


415. The one theoretical problem for which the bodily motion due to a 
small-amplitude pulse has been completely solved is that of a rigid sphere 
and then only on the assumption (usually justified) that the motion is 
small canpsred with the radius of the sphere. The analysis cannot easily 
be condensed and attention will therefore be concentrated on the general 
conclusionse The bodily motion of the sphere depends on the twin 
processes of reflection and diffraction, the former tending to increase the 
motion whilst diffraction of the pulse round to the back of the sphere tends 
to decrease the bodily motion If a is the radius of the sphere, x is 
the distance of the explosion from the centre of the sphere and c/n is the 
characteristic length of the pulse (assumed exponential), the qualitative 
results depend on the ratios of these three lengths. The terms long 
pulse and short pulse will be used to denote the two extreme cases where 
c/n is large or small, respectively, compared with the radius a of the 
sphere. For long pulses the analysis and conclusions are restricted to 
the case where x/a is also large since otherwise the assumption that the 
pulse is of small amplitude will be violated. Since long pulses correspond 
to large explosions for most practical targets, this condition that x/a is 
large will usually be satisfied if catastrophic damage is to be avoided, 
For short pulses, the theory is not restricted to large values of x/a and 
in practical cases if the damage is not to be negligible the relevant 
values of x will usually be of order 2a 


416. The main conclusion from the analysis for a rigid sphere is that the 
bodily motion of a target is unlikely to affect the damage appreciably in 
the cases of either:- 


(4) a long pulse from a distant large explosion or 


(2) a short pulse from a small explosion fairly near the target, 
for example, x = 1-25 a 


417. For a long plane pulse from a distant large explosion diffraction 
round the sphere (target) will tend to equalise the pressure on the front 
and back and this equalisation will be hastened by the actual bodily motior 
as the sphere moves away from the explosion, Measuring time fron the 
instant at which a plane pulse first strikes the nearest point of the 
sphere, the diffracted pressure will reach the furthest point on the back 

of the sphere in time t = (1+1¥2)a/c = 2.57a/c and the analysis in fact 
indicates that equalisation is virtually complete by this time. 

Subsequent to this time the residual resultant force on the sphere as a 
whole is small and negligible. For long pulses, this time of about 25 a/c 
is small compared with the characteristic time V/n of the pulse and in 
effect only a small initial portion of the pulse produces any appreciable 
bodily motion, In contrast, the effect of the equalisation of pressure 

is that all elements of the surface are subjected to a pressure approximating 
to that in the incident pulse and it is on this relatively long duration 
pressure that the damage to the target will depend. In general, therefore, 
the bodily motion has little effect on the damage due to a long pulse fron 
a large distant explosion. 


418 For a short pulse from a relatively near small explosion the same 
conclusion is reached on somewhat different grounds, Here the most 
relevant fact is that the mass of the target is large in relation to the 
size of charge and only a small velocity of the target can be produced. 

In contrast, most of the effect of the pressure pulse will be concentrated 
on a small portion of the target nearest the explosion and quite large 
local velocities can be produced, For example, it was estimated that for 
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a sphere simulating some half-scale targets, the maximum bodily velocity 
would be only about 12 ft. per sec. whereas the corresponding velocity of 
the plating nearest the explosion, as deduced from equation 35, was about 
380 ft. per sece The bodily motion may thus be expected to be unimportant 
for such a case. It will be noticed, that whereas the sphere was assumed 
rigid in the analysis for estimating bodily motion, the results were used 
to derive conclusions concerning damage, which automatically implies some 
yielding of the surfacee However, it seems reasonable to expect that the 
bodily motion of a yielding target will be less than of a rigid target 

and since the theoretical conclusions refer to cases where the bodily motion 
is expected to be unimportant, the use of an over-estimation far the 
bodily motion is justifiede However, for cases where the theory of the 
rigid sphere indicates appreciable bodily motion it would be necessary, for 
practical application, to revise the theory to include sone allowance for 
yielding This problem is extremely difficult but some progress for 
specific targets can be made by approximate methods, *? 


419. The problem of bodily motion and the previous problem of copper 
diaphragm gauges represent cases where the effeat of diffraction round an 
obstacle can be of importance. This effect is also of some importance 
for piezo-electric gauges used to measure the pressure/time variation in 
thes pressure pulse. For this purpose it is desirable that the presence 
of the gauge, which is necessarily of finite size, should not modify 
appreciably the pressure in the water. The effects of diffraction round 
the gauge and bodily motion assist in this purpose by tending to equalise 
the pressure round the gauge. 


120, For actual ship targets, questions of diffraction do not arise to a 
great extent in underwater explosion theory, especially in comparison with 
the similar effects in air. Thus the typical naval target is usually 
relatively isolated and questions of screening of one target by another 
rarely arise. Similarly, the diffraction of air blast into a building via 
broken windows has no real parallel for the underwater target. 


Behaviour of gas bubble in presence of a target 


121. The attraction of the gas bubble to a rigid surface and its repulsion 
by a free surfacé have already been described. A target which suffers 
damage by an underwater explosion represents an intermediate case of a 
yielding swface. The analysis of the behaviour of the bubble near a 
yielding surfaco is very difficult, espscially as some allowance must be 
made for the prior effect of the pressure pulse on the target Since 
bubble motion is relatively much more important on the small-scale, 
theoretical and experimental attention has been mainly concentrated on the 
behaviour of the bubble for small explogions against box end drum model *! 
targetse An early theoretical analysis for this problem suggested that 
the model might behave qualitatively as a free surface at one stage of the 
plate deflection and as a rigid surface at another stage with appreciable 
motion both away and towards the target A later revised theory, however, 
suggested that repulsions effects were negligible and that the target 
behaved essentially as a rigid surface with a resultant attraction of the 
bubble towards the targete In the meantime, this latter conclusion had 
been deduced from experimental observations of the bubble motion near a 
small box model which showed clearly the attraction of the bubble to the 
target The magnitude of these displacements were in reasonable agreement 
with theoretical values calculated on the assumption that the flat target 
plate and surrounding baffle could be treated as a rigid disoor @qual area 
In general, therefore,it appears that small-scale box and drum model targets 
behave effectively as rigid surfaces and attract the gas bubble. 


122, The bubble pulses are intrinsically much feebler than the initial 
présswre pulse but due to the attraction of the bubble to the target, the 
bubble pulses emanate from a source nearer to the target and can thus 
contribute appreciably to the damage. 
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Pig. 21 - Central plastic deflections of box model target plate 


Fig. 21 shows the results. Geduced fran the displacement/time records of the 
central deflection for a small-scale box model involving rectangular air— 
backed target plate 1 ft6 im by 1 ft subjected to the explosion of 

4 oz P.A.G charges. The curves shown refer to permanent deformation 
excluding transient slastic contributions to the deflection It is 

seen from fige21 that as the charge distance decreases below 23 in. the 
additional deflection due to the first bubble pulse at first increases 
faster than the deflection due to the initial pressure pulse and the two 
contributions become approximately equal for a charge distance of about 
19 in. This distance corresponds to the critical case in which the 
attraction of the target is such that the bubble arrives at the plate 
when it is of minimum size and the pressures are highest # For closer 
charge distances the bubble contribution to central deflection in fact 
decreases and tends to become small canpared with that due to the pressure 
pulsee This decrease of the additional deflection produced by the bubble 
is probably due to two main causées:- 


(4) as the original deflection due to the pressure pulse increases, the 
pressure necessary to stretch the plate still further will also 
increase. 


(2) at the closer distances the bubble arrives at the target plate 
while it is still fairly large and the presence of the plate tends 
to prevent the bubble from contracting to the same extent as it 
would in the absence of the target; this larger minimum volume 
implies lower bubble pressures# In support of this explanation, 
it should be noted that for the critical charge distance, the 
damage due to the bubble pulse is concentrated near the centre 
of the plate. The final overall damage to the target as measured 
by the mean deflection of the plate over its area does not show 
any pronounced bump at the critical distance corresponding to the 
bump in the upper curve of fig. 21. The bubble pulses subsequent 
to the first bubble pulse contributed little to the final damage. 


*This is similar to the result that the sea-bed tends to suppress 
the bubble pulses, 
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123. At distances greater than the critical distance, the first bubble 
pulse originates from a source away from the target and its interaction 
with the target can be treated along the lines indicated for the pressure 
pulse in para. 102-113. The main point to be noted is that the bubble 
pulse is fairly long compared with both the target plate and baffle 
dimensions. The discussion concerning long pulses is thus especially 
relevant to the bubble pulse in thess box model experiments and diffraction 
effects lead to a transferred energy some two to four times the energy 

in the part of the bubble pulse directly incident on the target plata 


12h. Summing up, in small-scale experiments with box or drum models both 
the attraction of the bubble to the target and diffraction effects enhance 
the importance of the bubble which can produce damage comparable with that 
due to the initial pressure pulses The relative importance of the bubble 
is greatest when the charge is a certain critical distance from the 

target corresponding to the bubble arriving at the target when it is of 
minimum radius and the resulting bubble demage tends to be concentrated 
locally on the target plate. 


125. For actual ship targets the importance of the bubble in causing 
damage is much more problematical, For small charges fairly close to a 
target vessel it seems likely that the bubble can contribute appreciably 
to damage; this is relevant to the attack of submarines by a large 
number of small charges (one of which may explode close to the target) 
rather than one large chargee On the other hand, for large charges the 
movement of the bubble towards the target will in general be small, this 
movement increasing much slower than the scale of the explosion, and it is 
doubtful whether bubble damage is of importance for such full-scale 
non-contact charges against single-hulled vessels, A possible exception 
is the enhanced effect already mentioned for charges directly beneath 

the ship's bottom, this effect depending primarily on the rise of the 
bubble dus to gravity though it may be assisted by the target attraction 
as the bubble approaches the ship's bottom. 


48 
NATURE OF DEFORMATION OF THE TARGET 


426. For theoretical consideration, it is convenient to consider separately 
the behaviour of the target prior to rupture and the conditions governing 
rupture, [Existing theory relates primarily to the yielding of targets, 
whilst the rupture of targets has been mainly investigated experimentally. 
The major part of the present section will, therefore, be concerned with 
yielding without rupture. Since nearly all naval targets have steel hulls, 
attention will be concentrated on targets constructed of steel. 


Yielding of steel targets 


427. It is first necessary to recognise an essential difference between 
the usual problem of designing structures under static loads and the problem 
of designing to resist impulsive loading produced by an underwater explosion, 
The full curve of fig. 22 
illustrates diagrammatically 

the typical shape of the static 
stress-strain ourve for a mild 
steel specimen tested in simple 
tension, The main features are 
ths initial elastic portion AB, 

the upper and lower yield 

points C', C, the relatively flat ° 
portion CD, the strain hardening 
portion DEF and the final 

failure after the ultimate load 
has been reached at F. 


STRESS 


428. In the normal problem of 
design under statio loads the 
maximm loads to which the t 
atructure is to be subjected 

are given and the traditional 


STRAIN 


method is to design so that for Pig. 22 - Static stress-strain curve 
example, the maximum tensile or mild steel 


stress corresponds to a point S ‘ 

in the elastic range. This design criterion mans that it is reasonably 
certain that inaccuracies in the mthod of design will not result in th 
actual stress exceeding the yield point. It is important to note that, 
since load is the given criterion, the elastic range covers more than half 
the total range of load up to failure. Accordingly, in traditional desi 

the extra saving of ateel by designing to a stress beyond the yield has not 
in general, been considered sufficient to warrant the extra risk of rupture 
and the potential inconvenience of permanent distortion, Problems of statio 
loading have thus been primarily a design question of elastic deformations, 


129. On the other hand, for the problem of impulsive loading due to an 
underwater explosion, the oumilative evidence already discussed suggests 
that the basic oriterion is one of energy rather than load, that is, the 
structure has to absorb a given amount of energy rather than to withstand 
a given maximimm load, Now in the statio tension test the energy absorbed 
is proportional to the area under the full ourve of fig.22; the energy 


x For certain types of structure the actual static load at collapse 
may be many times the load at which the elastio limit is first 
exceeded locally in the structure. It seems probable that plasticity 
will becomes increasingly important in static design problems in the 
future. 
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absorption in the elastic range being small compared with the energy 
absorbed plastically. Ths full curve relates to a normal static tension 
test at a low rate of strain, For higher rates of strain due to impulsive 
loading both yield stress and ultimate stress tend to increase, the former 
to the greater relative extent, and under high rates of strain the limited 
available evidence*suggests that the ourve tends to be of the form AKF'. 
The elastic absorption of energy is still small compared with ths plastic 
absorption.® Since it is not practicable to construct vessels with hulls 
which oan absorb sufficient energy elastically to withstand any likely 
scale of attack, the mich greater energy absorption in plastic yielding 

is of paramount importance. 


430. Summing up, therefore, whereas the traditional design of engineering 
structures under static loads is based essentially on the theory of 
elasticity, the present problem of structures submitted to underwater 
explosions is primarily a question of the theory of plasticity. The 

basic laws and simplifying assumptions involved in the theory of the plastic 
yielding of steel will, therefore, now be discussed, 


Pundamental assumptions for plastic yielding of steel 
431. As a first simplification, yielding in a simple tension test will be 
assumed to take place at a constant stress. For static loads this 
involves neglecting the difference between the upper and lower yield points 
and limiting consideration to strains up to the point D in fig.22, For 
high rates of strain where the 
true curve becomes more of the 
k £ shape AKF', the assumption of 
a flat topped stress-strain 
curve tends to be relatively 
accurate for strains right up 
to failure. Ths second 
Simplification is to negleot 
the initial elastic portion so 
> that finally the assumed curve 
is that shown in fig, 23. 
This refers to the condition 
of simple tension and it is 
now necessary to consider the 
general case of any system of 
stresses, 


A STRAIN 1326 let 6, , Ss Pe 
denote the three principal 
stresses and 6,, ©, @2 the 
Fig. 23 - Simplified stress-strain curve corresponding principal strains, 

Tensile stresses will be taken 

as positive and ¢, will refer to the greatest algebraic stress and 64 

to the least algebraic stress, that is, 6, >62%6,- For the simple 

tension test the assumed relation of fig. 23 then corresponds to 


STRESS 


6, = constant = B» 
6,=0 eal? MSO ae ED) 
63= 0 

For more general conditions of stress, several different theories have been 


advanced for the condition of plastic yielding, but only two of these simple 
theories have survived the test of time and experiment. 


x Provided brittle fracture does not take place. 
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One hypothesis due to Mohr states that plastic yielding commences when the 
maximum shear stress reaches a definite value which is independent of the 
nature of the stress system. Since the maximim shear stress is half the 
greatest principal stress difference, this hypothesis may be written as 


6,- 6, = constant =8, ach meee MeO (51) 


in which the constant is chosen to agree with the notation of equation 50 
for the special case of simple tension, This hypothesis is often referred 
to as the maximum stress-difference or maximum shear stress hypothesis. 


133. An alternative hypothesis is that yielding commences when 
2 2 2 
G6 ba.) + ( 6-63) + ( 6,- 6) = constant = 2 Sota (5p) 


in which the constant is again conveniently expressed in terms of the yield 
stress 8, for simple tension by substituting from equation 50 in equation 51. 
This hypothesis oan be given a physical significance by considering the 
elastic deformation prior to yielding. The energy U stored per unit 

volumes due to a purely elastic deformation obeying Hooks's law can be 
written if E is Young's Modulus and AL is Poisson's ratio in the form 


v GEL 6 66+ GP Deed | (6-6) + (C63) + (6-668) 


in which the first term represents the work done in increasing or decreasing 
volume whilst the second term is the remaining energy stored in change of 
Shape. Henos, equation 52 states that yielding will commence when the 
energy involved in change of shape, that is distortion, reaches a certain 
definite magnitude independent of the stress system, This hypothesis is 
attributed variously to von Mises, Hencky,and Huber and is usually known 

as the maximum energy of distortion’hypothesis or the maximum shear strain 
energy theory. 

134. Both equations 51 and 52 refer only to the condition for the 
commenesment of yielding and the constant 8, refers to varying stress 
systems rather than to varying strain after yielding. For use in the 
present problem the oonstant in either case will be taken as holding 
throughout yielding and since elastic strain is to be neglected, equation 51 
or equation 52 will then be assumed to hold from zero strain up to failure. 
Experimental evidence indicates that the assumption of equation 52 is more 
accurate than that of equation 51. However, equation 52 is a non-linear 
relation which frequently leads to intractable mathematics and it is 
necessary to use equation 51 or even more drastic approximations, So far as 
snergy absorption is concerned, equations 51 and 52 differ quantitatively 
at the most by about 15% whilst for qualitative deductions the two hypotheses 
are unlikely to lead to any essential differences. It may be noted that 
both depend essentially on yielding due to shear stresses since when 

6: = 62 = 6s and there are no shear stresses, neither hypothesis oan be 
satisfied; that is, both indicate no plastic yielding under hydrostatic 
tension or compression, In general, neither equation 51 nor equation 52 is 
sufficient to determine what happens after yielding and two further basic 
assumptions are necessary. 


A55- The second basic assumption, known as the "Law of Yielding" relates 
the principal stress-differences and principal strain-differences by a 
proportionality rule, namely 


O.=62. 6-63 G- 61 > 9 rae mee (54) 
3 


0, -@n €,- 64 63 = by 


There is little evidence to substantiate the validity of this law of yielding 
but experiments have shown that, while not exact, it is at least a fair 
overall approximation in the range of stresses covered by these experiments, 
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436. A third basic assumption is that under plastic yielding the steel is 
incompressible, that is, there is no change in volum of the steel so that 
to the first order in strains 


6, + Sa + 63z=0 eee eee coe coe (55) 


This assumption is reasonably accurate. Equations 54, 55 and either 
equations 51 or 52 give three basic equations for the simple theory of 
plastic yielding in steel. Together with the three equations of 
equilibrium in a statio problem or the three equations of motion in a 
dynamic problem a total of six equations is thus obtained to determine the 
six unknowns G,, 6; 5 S35 %,5 5, z- ‘In addition, there are the usual 
relations depending only on geometry which conneot the strains 6,, 62, 63, 
With displacements. These latter can be introduced as convenient in any 
specific problem if the equations are thereby simplified, The hull 
structure of a ship may be considered broadly as composed of two simple 
units, namely, a beam and a panel of plating. To illustrate the 
implications of the preceding theory of plestioc yielding, two relatively 
simple statio problems will first be considered, 


Plastic bending of a beam 
137. Pig. 2) represents a beam of symmetrical seotion bent in a plane of 
symmetry. Assum, as in the simple theory of elastic bending, that plane 
sections remain plane and that the beam may be considered as composed of 
fibres each of which is 
stressed either in simple 
tension or simple compression, 
Srey In this case, either equation 
51 or equation 52 gives the 
result that the fibre stress is 
So for a fibre in tension or - 
&q for a fibre in compression. 
Henos, neglecting any elastic 
region, the stress is 65 
everywhere above the neutral 
Leet “NEUTRAL axis and-€, below this axis, 
Aas For pure bending with no re- 
Sultaot axial foros the area 
above the neutral axis must be 
equal to the area of the cross— 
section below this axis; this 
determines ths position of the 
neutral axis for any given shape 
of cross section bent plastio-— 
ally. Having fixed this axis, 
the resultant moment G due to 
Fig, 2) - Symmetrical seotion of beam the fibre stresses can be shown= 
to depend only on Bp and the 
Shape of the cross-seotion:G will be independent of the amount of bending, 
Thus, on this simple theory which neglects elastic effects, the plastic 
resisting moment for any given beam is a constant G. 


138. Consider in particular that the beam is simply supported on a span 
of length 1 and subjeoted to a central concentrated load W. The bending 
moment in the beam is then W1/4 at the centre decreasing linearly to zero 
at each end, Henos, if W is increased steadily from zero, then while 

w< 4G,/1 the bending moment is everywhere less than the value Gp necessary 


m= The resultant bending momemt G is given by:- 


d, ° 
Ge 8,b(x) x dx - Bob(x) x dx 
° -d, 


where the symbols have the meaning indicated in fig. 2) 
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to cause plastic yielding and, since elastic defects are being neglected, the 
beam remains undeflected. When W = 4G)/1 however, the moment is Gp at the 
centre and plastic yielding commences at the centre. Away from the centre 
the moment is still less than Gp so that the beam remains unbent and tends, 
therefore, to deflect in the shape shown in fig. 25a, consisting of two 


LOAD 


W=4G,/1 


DEFLECTION 


(a) (b) 


central load 


Fig. 25 - Plastic bending of simply supported beam by concentrated 


straight line portions with a concentrated bend at the centre. Since the 
resisting moment Gp is independent of the amount of bending it follows 

that the deflection will take place under the constant load W = 4G)/1. 

The load deflection curve is thus of the flat-topped shape shown in fig, 25b, 
being similar to that assumed initially ror the stress-strain relation in 
simple tension (or compression) illustrated in fig. 23. Experiments on 

the plastic bending of beams of various sections have shown that this 
simple theory is substantially correct. 


Dishing of a thin panel of plating 

439. Consider a thin circular plate, initially flat, rigidly fixed round 
its circumference and subjected to uniform lateral pressure. For 
appreciable plastic dishing, the bending resistanoe oan be neglected in 
comparison with the resistanoe to stretching since the latter involves 
far more energy absorption for a thin plate. Secondly, the lateral 
pressure will in general be small compared with the yield stresses in the 
plane of the plate so that the problem becomes approximately one of two- 
dimensional stress with one principal stress, normal to the plane of the 
plate, equal to zero. By virtue of symmetry the prinoipal stresses will 
then be 


6, = ©, normal to plate 
6, » radial in plane of plate 


6t , circumferential in plane of plate. 


On these assumptions, with use of the previous plasticity equations and 
neglecting elasticity the problem has been solved, The most important 
result which follows whether equation 51 or equation 52 is taken as the 
condition of plastic yielding, is that 


6-= Ot = Bo eee eee eee eve eee (56) 


This result implies that the stress in the plane of the plate is an equal 
tension in all directions, that is, it behaves like a soap bubble. 
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140, The solution ‘has also been given for an elliptically shaped panel of 
plating, In this oase, if the mjor and minor axes of the ellipse are taken 
as oo-ordinate axes Ox, Oy, it is found that the principal stresses in the 
plane of the plate at any point are 6x and 6y parallel to the axes, Both 

6x and 6y are separately constant over the panel, but are not in general 
equal to one another, their ratio depending on the ratio of the minor and 
major axes of the ellipse. However, although strictly 6x %6,, if it be 
assumed as an approximation that the elliptical panel behaves as a soap 
bubble with 6x= 64 =8,, it can be shown that the energy absorbed by the 
plate according to this approximation differs by only a small fraction from 
the energy calculated by the more exact solution. Using equation 51 this 
error varies from 0 to &% as the ellipse varies between the extremes cases 
of a circle and an infinitely long panel, whilst if equation 52 is used, the 
corresponding error varies from 0 to 15% 


141.  Yhis result for the elliptical panel illustrates a result which can be 
shown to be generally independent of the shape of the panel. Thus, for any 
element of plating subjected to a two-dimensional principal stress system 

» apd 62 producing principal strains e,, e, in the plane of the plate, 
the energy U absorbed per unit volume by plastic stretching oan be 
evaluated by using either equation 51 or equation 52 together with 
equations 54 and 55 and these values of U oan be compared with the soap 
bubble approximation 6, = 6, = S,which gives 


U =B,(e, + e2) eee cece eco eee coe (57) 


Fig. 26 shows the resulting 
comparison for different ratios 
2/6, of the two tensile strains 


IE | | in the plane of the plate (The 
ie remaining principal strain 
EQUATION 52 63 ==— 4, — 6,corresponds to 
ee thinning of the plate). Fora 
== EQUATION 51 given state of strain, not only 
does the soap bubble approximation 
give an energy absorption 
ne Ua differing by relatively small 
EQUATION (56 | amounts from that deduced from 
equations 54 or 52 but it also 
givea an intermediate estimate. 


o8 


oO6 


2S80e, 


142. The assumtion that the 
plate behaves as a soap bubble 


Pig. 26 - Energy absorbed in plastic 
stre tohing of thin plate 


exerting uniform tension g, in 
all directions thus appears to be 
a reasonable averages approximation 
to equations 54 and 52. In 
particular, the practically 
important case of a reotangular 
panel, which has yet to be solved 
by using equation 51 or, equation 
52 oan be easily solved by 


LOAD 


using the soap bubble approxi- DEFLECTION 

mation. Provided the central 

deflection is not excessive, 

that is less than one sixth of Fig, 27 - Plastic streto of panel b 


Lateral load 
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the smaller span, the load-deflection curve for the plate under any given 
distribution of static pressure will then be of tks straight line form 
indicated in fig.27. The linear load-deflection relation more usually 
associated with elastic problems”, thus holds for dishing of a panel of 
plating which is stretohing plastically, It is this result which is the 
essential justification for the linear resistance assumed in the theories 
discussed earlier. 


443. In this discussion of plastic yielding many approximations have been 
introduced and it might fairly be asked - may not the cumlative error be 
so large as to make the final results valueless? The answer to this 
question lies in experiment. Using a large box model with an unsupported 
plate area 6 ft. x4 ft., a steel plate 4 in. thick was tested under al 
uniform statio pressure applied hydraulioally from the inside of the box, 
The results were in good agreement with the soap bubble approximation, the 
shape of the dished plate being similar to that expected of a soap bubble 
and, apart from a small stiffening effect (attributed to som strain 
hardening), the pressure/deflection curve was sensibly linear. Further 
confirmation of the theory was obtained by a static test on a + scale 
replica of the large box model,” 


444. It is important to notice that the soap bubble approximation is only 
valid in problems such as that of the clamped panel of flat plating in which 
the plate is stretching in both directions. For a curved panel of plating 
Such as a submarine pressure hull, in which the plate may be compressing in 
one direction and stretching in the other direotion due to lateral pressure, 
then either equation 51 or 52 leads to an energy absorption approximately 
@qual to So times the numerically greater strain, This approximation has 
been suggested as of possible application to the problem of the submarines 
pressure hull but no serious attempt to do this has yet been made, 


Plastio deformation under dynamic loads 

445. The only problems of plastic yielding under dynamic loads which are 
at all amenable to exact theoretical treatment are simple cases in which ths 
motion is effectively one-dimensional. The one case which has been treated 
fairly exhaustively is that of a long wire fixed at one end and subjeoted to 
a suddenly applied load at the other end, The basic analysis for this case 
was given independently in this country and in Amrica!**’ This case is not 
of direct application to ths 

present problem of beams and 

plates but two general quali- 

tative results are of some 

interest. First, if the stress 

atrain relation under dynamis 

loading is ooncave to the strain | 

axis, for example AKF' in fig, 22, L 

the higher the stress ths more 

slowly is it propagated along 
the wire. Fig,28 illustrates 
a plastic wave travelling along 
the wire tending to become less 
steep as it progresses. The 
stress distribution curve ABC 
becomss the curve A'B'C' as the 
wave travels to the right. 

This is the opposite effect to 
that holding for the shook 
wave in water where the wave 
tends to become more steep as Fig. 28 ~ Plastio wavs in wire 


a D 


m= A linear resistance is not always obtained in elastic problems. 
In particular for the present case of a panel dished by lateral pressure, 
elastio stretohing of the plate introduces a non-linear term in the 


resistance, 


c 


STRESS 


A Al 
STRAIN 


55 


it progresses. A second result for the plastic wave in a wire is that no 
plastic wave can transmit a particle velocity greater than a certain 
critical value; thus if a long wire is hung from a fixed point anda 
weight is dropped on to a yoks at the lower end of the wire it is found 
that if the weight is dropped from above a certain height there is little or 
no plastic strain in the wire except very close to the yoke where it would 
break, This result is more especially relevant to the question of rupture 
discussed later. 


146. For lateral loads on beams, one case which has been solved, inoluding 
strain hardening effects, is that of an infinitely long beam subjected to 

a concentrated dynamic load at one seotion. The more practical case of a 
beam of finite length presents greater difficulties. However, using the 
preceding simplified theory that the beam yields under a constant bending 
moment, it is possible to solve some simple special cases. Consider, 

for example, a simply supported beam given an initial triangular impulsive 
distribution of velocity which is zero at each end and rises linearly to a 
maximum at the centre. In this case the deflection at any tim is also of 
triangular shape, that is, of the shape given in fig.25, and all the 

initial kinetio energy is ultimately absorbed by plastic bending at the 
centre. For a given amount of energy commmnicated as initial velocity 

in this particular way, the maximum central deflection of the beam can 
easily be calculated by equating this given energy to the energy absorbed 
in central bending, which is simply Go times the angle of bend at the centre; 
this angle is thus determined and hence the central deflection can be 


calculated. 


147. For a panel of plating dished plastically by lateral loads, it has 
been seen that the assumption of a uniform tension in all directions in ths 
plane of the plate is a reasonable approximation for static loads. This 
approximation can also be applied to solve certain special cases of dynamic 
loading. In particular, if 
a circular panel of plating 
fixed round its circumference 
is given an initial distri- 
bution of uniform velocity 
corresponding to a very large 
uniform pressure acting for a 
negligibly short tims, then 
the cross section of the 
deformed panel at any time t 
is shown in fige29. Here 
the outer annulus AB, A'Bt 
(in section) has been 
deformed into the cone 
frustrum AC, A'C', (in 
section) which is at rest 
whilst the central portion 
BB' has moved to CC- and is 
still undeformed and moving 
with its initial velocity v. 
Fig.29 - Section through deformed circular At a later tim the deformed 

panel shape is similarly ADD‘ a’ 

where DD' is undeformed and 

moving with velocity v whilst AD, A'D' is stretched and at rest. 


148. Effectively, a plastic wave travels inwards from the fixed edge 
leaving behind it a stretched portion at rest whilst the central portion 
ahead of it is undeforme This plastic wave travels in fact witha 
constant velocity 2, See where Sp is a yield stress as defined 

previously and © is mass density. For steel, c, is about 570 ft. per seo. 
and is therefore not only small compared with the velocity of elastic 

waves in steel (about 17000 ft. per sec.) but also in comparison with the 
velocity of the pressure pulse in water (about 5000 ft. per sec.).* 


a This result is relevant to the question of whether cavitation in the 
water occurs with a finite panel of plating, 
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When this plastio wave reaches the centre of the panel, the whole plate has 
becoms stretched into the form of a cone, ARA' in section, which is at 
rest and no further deformation or motion will ocour, the whole of the 
original kinetic energy having been converted into permanent plastic 
stretching of the plate. For a rectangular panel of plating given an 
initial uniform velocity, the 
corresponding final deformation 
would be of the roof-top shape 
shown in fig.30, with the 
Sloping sides equally inclined 
to the base; the same shape 
with the top cut off gives the 
intermediate shape whilst de- 
forming, a central flat 
portion being undeformed and 
moving with its original 
velocity whilst the outer 
stretched portion would be at 
rest. 


149. Other special oases 
which can be solved are 
analogous to problems of an 
elastic membrane subjected to 
dynamic loading. Such 


membranes have certain definite Fig. 30 - Shape of deformed 
shapes (theoretically infinite rectangular panel 


in number) in each of which they 

can vibrate with 48 certain definite frequency. Such a vibration is known 
as a normal mode.'’ For the analogous plastic pansl, solutions can be 
obtained if the applied impulsive pressure is distributed over the panel in 
the shape corresponding to any one definite normal mode, provided also that 
variation of the overall magnitude of the pressure with tims is such that ths 
plate continues at all points 
until the final deformed shape is 
obtained by the plate coming to 
rest at all points simltaneously. 
In fig.31, for example, a 
rectangular panel of plating of 
sides 2a and 2b with axes Ox, 

Oy parallel to the sideSand with 
origin at 0 is subjected to a 
suddenly applied pressure 
distribution of po cos 77 x/2a 
cos Ti y/2b. It is show at 
Appendix D that if such a plate 
is fixed around the periphery 
and the deflections are 
relatively small compared with 


the smaller span (one sixth or Pig. 31 - Rectangular plate subjected 
leas) then ulsive pressure 
distribution 


w(t) = w,(t) cos LX cos Az Sag | dog .oog, | (55)! 


w(t) = K/2 (4 — cosec t) eee eee ees (59) 
where w(t) = deflectiono? point (x,y) in the plate at time t 
w,(t) = central deflection of plate at tim t 
h = plate thickness 
6, = uniform membrane stress 


t time 


ne 
K = 8 ab eee eve eee eee (60) 
8h (a2 + b2) 
ee 2 
of = _il_ 80 cilbiprsyesabat eee eee eee eee (61) 


The final solution given by equations 58, 59, 60,and 61 will be valid so long 
as the plate is stretching, which is true up tot = W/op At this instant 
wWo(t) = wo =K and the plate is at rest everywhere with no velocity and a 
deflected shape w at any point (x,y) is given by 


w =K cos LM cos MLZ SOOO. .o0G. cog. (ee), 
2a 2b 


This represents permanent deformation and the plate will in fact remain in 
equilibrium thereafter since the applied pressure po cos ff x/2a cos fi y/2b 
is insufficient to cause further stretching. Equation 62 with K defined by 
equation 60 is therefore the final plastic dishing produced by the suddenly 
applied pressure p, os 1! x/2a cos 7! y/2b. 


150. The relative simplicity of the preceding example lies in the fact that 
the plate deflects in a constant shape throughout the motion. Similar 
results can be obtained for a pressure distribution of the more general normal 
mode type, namely, a pressure distribution of the type po cos m Ti x/2a cos 

n ti y/2b where m and n are any odd integers. The resulting deflection is 
then of similar shape. Up to the time of maximun deformation these solutions 
for a plastic plate are separately identical with those for an elastic 
membrane, For the elastic membrane, the solution for any distribution of 
suddenly applied pressure can be simply obtained by superposition of the 
previous solutions for the separate normal modes, However, for plastic 
deformation the principle of superposition cannot, in general, be used, 

Thus, if more than one mode is involved in the elastic case the membrane 

will in general stop stretching and start contracting at one point in the 
membrane whilst it is still stretching at another point. This introduces 

no difficulties if the strain is elastic since the same equations hold both 
for an increase and a decrease in stretching. For the plastic plate this is 
not true, the soap bubble approximation being only valid when the plate is 
stretching in both directions; if the plate ceases to stretch it may remain 
inextensible or tend to compress in one or more directions and the 
fundamental assumtions and equations must be changed. For any general 

type of impulsive loading on a plastic plate, it would thus be necessary, when 
seeking an exact solution with any given plasticity assumptions, to watch, 

in effect, every point in a plate and change the basic equations locally 
whenever the plate stopped stretching. Such an allowance for the difference 
between loading and unloading is complicated enough in the simpler case of a 
plastic wire subjected to dynamic loads; for the plate problem it has yet to 
be oarried out successfully. 


151. The difficulty introduced by the irreversibility of the plastic 
deformation can be avoided by further approximation. For the previous 
special gases of loading by pressure distributions of the normal mode type 
p,cos mi x/2a cos ni y/2b the simplicity of the analysis depends 
essentially on the fact that the plate deflects in a constant shape throughout 
the deformation so that all points of the plate cease to stretch and become 
at rest sinmltaneously. The irreversibility of the plastic deformation 
Sioply implies that the plate remains in this defornsed state without further 
motion. This suggests as an approximation for the case of loading by an 
underwater explosion that the plate be assumed to deflect in sone constant 
Shape. This assuiption has been termed proportional motion since the 
deflections of any two points remain in constant ratio throughout the motion. 
Thus for a rectangular panel uf plating of sides 2a, 2b, and thickness h, 
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fixed round the periphery, the deflection w(t) at time t would be assumed to 
be of the form 


W(t) = W(t) P(xpy) -0- cee nee wee = (63) 


where f(x,y) is any suitable 
shape which vanishes round the 
edge of the plate and is unity 
at the centre so that wo(t) is 
the oentral deflection at tim 
t. For practical purposes, 
the final permanent defleotion 
representing damage is of 
particular importanoe and it 
is natural to choose f(x,y) 

to correspond approximately 
to final observed dishes in 
box model experiments. These 
are in general more pointed 
that the relatively flat 

Soap bubble shape obtained 

in static tests under uniform 
pressure and a reasonable 
approximation to ths observed 
dishes is 


Fig.32 - Empirical shape of a deformed 
rectangular plate 


f(x,y) - - hf I... coe ve (64) 


corresponding to parabolic sections parallel to the sides as shown in fig. 32. 


152.. Using the membrane approximation of a uniform tensions,, and assuming 
that the deflections are reasonably small compared with ths smaller span, 
expressions for the energy p absorbed in plastic deformation by stretching 
from the flat plate to the dished shape, the total energy @ of the deforming 
plate and the work W done by the pressure in deforming the plate are derived 
at Appendix D. In particular, it is shown that for ths parabolic shape of 
equation 6) 


pe Bf e+bbe tm,” jae: qhaue: eeeeee) 


153. The assumptions of proportional motion and a uniform membrane stress 
in the plate lead to a motion® analogous to that of a mass Mon a spring of 
atiffness k subjected to a dynamic load F(t). There is of course the 
important proviso that the plastic deformation is irreversible; subject 

to certain restrictions on the variation of F(t) with time, this can simply 
be taken into account by assuming the motion to cease when wdt) reaches its 
maximm value Wo corresponding to zero velocity of the plate. 


m This is valid in particular, if the pressure distribution remains 
constant after application or if the pressure is transient and osases 
while the plate is still deflecting. 
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4154. The preceding discussion indicates an approximate method of treating 
the plastic dishing of a plate under a given dynamic pressure. for the 
dishing of plates by underwater explosions the pressure on the plate is not 
known, ab initio, sinoe as previously discussed it depends on the motion 

of the plate and, in particular, on whether cavitation ocours in the water. 
The problem is then more complicated, but the assumptions of proportional 
motion and uniform membrane stress have, in general, been the main simplifying 
assumptions (so far as the plate is concerned) in the more complicated 
analyses“allowing for the interaction of target and water phenomena, These 
analyses lead to ths conclusion that in many cases, the pressure puls@ from 
explosions tend to communicate a certain definite quantity of energy which is 
approximately equal to the energy directly incident on a deforming target 
plate. If this is so, the final dishing of the plate oan be estimted 
without intermediate calculation of the actual motion, Thus using an 
assumed deflected shape of the type of equation 64 the total energy absorbed 
in plastic deformation is given by equation 65 and hence, by equating energy 
absorbed to energy communicated, 


1 -& (a+) Me mapas osaseyl (9) 


where w, is the final central deflection, The directly incident energy 
depends on the charge weight and the geometry of the target and the relative 
position of the charge; if bubble damage is appreciable the contributions 
to NN, from the spubse quent bubble pulses must be added to that from the 
pressure pulse. 


155. Equations of the type 66 have been the most common simple basis of 
comparison of theory and experiment for box model and drum model tests, 
One minor point which may be noted is that for different assumed shapes 
£(x,y) of proportional motion, the energy absorbed varies less for a given 
mean deflection than for a given central deflection. Thus if W is the 
mean deflection, the energy absorbed can be expressed in the form 


Qip =4*'¥ ves’ eee, Seen eetn egy 


and if this is equated to the incident energy SL; an estimate of W instead of 
Wo is obtained, Such estimates of W vary less for different assumed shapes 
than do corresponding estimates of W. For this reason, results of box or 
drum model tests are often expressed in terms of the mean deflection rather 
than the maximum deflection. 


156. The use of an assumd shape for calculating the final absorbed energy 

p in the preceding manner does not, of course, depend on the assumption of 
proportional motion, but only on the more general assumption that ths plate 
stretches throughout its deformation so that the uniform membrane stress may 
be assumed as a reasonable approximation, fhe assumption of proportional 
motion is, however, of importance since it ia involved in analyses forming 
the thspretical basis for the conclusion that approximately all the incident 
energy\ 24; is communicated to the target. 


157. The preceding type of analysis is especially relevant to experimental 
investigations using box or drum models embodying a single plate fixed ina 
relatively rigid frame. For an actual ship the supporting framework of the 
panels cannot necessarily be assumed rigid and the basic system is rather a 
panel of plating supported by yielding beams, This more difficult problem 
is likely to defy exact analysis for a long time but using an approximate 
method the deflection of any section of the beam and the deflections of the 
ends of the beams can be estimated, This method is of general application 
to problems of dynamic loading of structures but is especially relevant to 
the present type of problem since it enables the difficulties introduced by 
the irreversibility of plastic deformation to be overcome. 
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458. Essentially, the method is based on Hamilton's principle, which may be 
regarded as the fundamental basis of classical dynamics, and on an assumption 
of proportional motion for each separate unit of a system, Thus for a plate 
supported on yielding beams, the shape of the deflecting beams would be 
assumed and also the shape of the plate deflection relative to the beams, 
but the overall magnitudes of beam deflection and plate deflection would not 
be restricted and would not neosssarily be in a constant ratio to one 
another. If Hamilton's principle is applied to the motion when so 
restricted, the problem is analogous to one of particle dynamics and the 
approximate solution is given by Lagrangs's equations. A detailed 
description of this method and its application is too lengthy for discussion 
hut the main steps when the mthcod is applied to a simplic elastic problem 
are outlined at Appendix E, 


459. For problems of plastic deformation the application of the method is 
necessarily complicated by consideration of the irreversibility of the 
deformation, but, in general, this is not too difficult, involving minly 
a consideration of the motion in several distinct stages:' The potential 
accuracy of the approximate method has been assessed by applying it to 
elastic problems and comparing the resulting solutions with nominally 
exact solutions. Reasonable agreement was obtained. Further, in one 
plastic problem to which the method has been applied the approximate 
solution was in reasonable agreement with experimental results.** 


460. Summing up, existing theory of the plastic deformation of targets by 
underwater explosions depends to a large extent on approximate plasticity 
assumptions and approximate mthods of analysis. In spite of this, a 
certain masure of agreement between theory and experiment has been obtained 
and, pending more accurate theory, approximate methods may reasonably be 
expected to throw light in particular on the qualitative behaviour of a 
ship's hull structure subjected to underwater explosions. For example, the 
important question of the optimum distribution of weight of steel between 
plating and supporting framework for maximum resistance to impulsive loading 
is essentially a qualitative question in the sense that the answer can 
reasonably be expected not to depend greatly on the precise magnitude of 


the loading. 


Rupture of steel 


461. The onset of rupture in steel undoubtedly depends on many factors suchas 
chemical composition. microstructure, the presence of flaws, size and geometrical 
shape of specimen, rate of loading,and temperature. Much research is at 
present being carried out to investigate the relative importance of these 
factors but at present there is no well-established quantitative theory 

which can be used to prediot rupture. Attention will therefore be 
concentrated on the qualitative points which seem of most importance in 
connection with the problem of underwater explosion damage. 


462. Broadly speaking, two main types of fracture may occur in steel, 
first, ductile fracture in which considerable deformation precedes rupture 
and secondly, brittle fracture in which little deformation occurs. In the 
former type, the energy absorbed in the steel prior to fracture is mich 
greater than in the brittle type of fracture. Since, as previously 
discussed, damage by underwater explosions depends to a large extent on 
the ability of a struoture to absorb energy it is obviously desirable from 
the ship designer's viewpoint that brittle fracture should be avoided, 

The ductile fracture is usually associated with a sliding process in ths 
steel due to shear whereas the brittle fracture is considered to be a 
tearing apart of the mtal due to tension. The type of fracture will 
thus depend not only on the relative inherent strengths of the steel to 
sliding and tearing but also on the type of stress system to which the 
steel is subjected; for example with uniform tension in all directions 
there would be no shear in a uniform material and failure would take 

place by tearing and be of the brittle type. 
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Notch brittleness 
163. Minute imperfections or oracks in the steel oan give rise to high 
local stresses and, in particular, there is reason to believe that triaxial 
tensions may be developed locally at the end of a sharp crack with a 
conse quent tendency to brittle fracture. This has been investigated 
extensively by testing specimens with notches cut in them and it is found 
that brittle fractures can then ocour when similar unnotched specimens 
exhibit a ductile fracture. In view of this, the term notoh brittleness 
has becon® a general term to describe brittle fracture where it is suspected 
to be due to stress concentrations arising from cracks or local inhomogeneity 
of the material. There seems little doubt that such notch brittleness is 
one of the most important factors which influence rupture. In particular, 
it seems clearly established that notch brittleness increases with decreasing 
temperature, so that for example a notch specimen may fail with a relatively 
ductile fracture at a room temperature of 60°F whereas a similar specimen 
tested in an ice-bath may exhibit a brittle fracture. With regard to 
chemical composition there is some evidence that manganese is beneficial 
in tending to inhibit brittle fracture and that a minimm manganese content 
of 0.50% is desirable, especially for ships’ plates over 4 inch thick. 


Shape and size of steel specimen or target 

164. When a normal tensile specimen is tested and exhibits a ductile 
fracture it is well know that up to @ certain load, the specimen tends to 
atretch uniformly but then develops a concentrated local neck where rupture 
finally occurs. The energy absorbed in the specimen can be considered 
broadly as composed of two parts, 


(1) the energy used in uniform extension of the specimen 
(2) energy absorbed in local necking. 


For spécimsns of given diameter but varying length made from the sam steel, 
the former energy will tend to increase in proportion to the length whereas 
the local necking energy absorption will remain relatively constant provided 
all specimens are reasonably long compared with diamster. The shape of the 
Specimen as defined by the length/diamter ratio thus influences the average 
amount of energy absorbed per unit volums of the steel even though the 
applied load is nominally uniform throughout the specimen, 


165. <A second effeot is the size effect which occurs for Specimens of 
geometrically similar shape differing only in overall dimensions, each 
Specimen being e smaller or larger soale replica of the other specimens. 
Thus, if similar notched specimens are submitted to similar statio bending 
conditions up to fracture it is found that the larger the specimen the 
Smaller is the relative deformation at fracture as measured, for example, 
by the ratio of central deflection to span if the Specimens are support.d 
at each end and subjected to a central load Correspondingly, the energy 
absorbed per unit volume up to fracture decreases as the size of Specimen 
inoreases. The precise msohanism for this size effect has yet to be 
established but it is undoubtedly related to the fact that although ths 
specimens are true soale replicas on a macroscopio scale their microscopic 
structure has not similarly been scaled, 


166. This size effect has also been observed in underwater explosion 
effects using different sizesof drum model targets constructed as scaled 
replicas and subjected to scaled charge conditions. Here it was found, 
that whereas deformations prior to rupture soaled reusonably well, large 
targets ruptured when dished (relatively) to a less extent than small 
targets at rupture. It has in faot long been knowm from empirical 
observation that damage by underwater explosions to full-scale targets 
tended to be greater than in corresponding small-scale trials, This 
Sise effect on rupture is thus especially relevant to quantitative 
interpretations of model tests. 
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Speed of loading 

467. Fundamentally, speed of loading may be conveniently considered to 
have two effects. First, there is a possible effeot of the microscopic 
behaviour of the steel, the resistance to sliding tending to inorease with 
inoreasing rate of strain, As a result high rates of strain are conducive 
to ths brittle type of failure with small energy absorption. Where the 
fracture does remain ductile, experiments with short specimens have shown 
that very high rates of atrain can lead to a large inorease in the yield 
point of mild steel and the energy absorbed up to fracture can also be 
larger than in a static test. Seoondly, there is a possible macroscopic 
effect depending on the dynamics of the msthod by which impact stresses 

are applied. Thus experiments have been carried out on long wires with a 
tup at the lower end subjected to the impact of a weight at different 
velocities. Above a certain oritical velocity (about 100 ft. per seo. 

in these experiments) it was found that the energy absorption to fracture 
suddenly deoreased, This phenomenon depends on the propagation of plastio 
waves up the wire. 


168. or a normal ductile material with a given stress/strain curve 
concave to the strain axis it is possible to analyse the simple one- 
dimensional propagation of plastio strain up the wire and it is in fact 
found that there is a limit to the particle velocity which oan be 
transmitted. In the experiments under consideration, at the lower speeds 
the effect of the velocity given to the end of the wire could be propagated 
up the wire wherees above the critioal speed the velooity of the tup was 
greater than the maximm particle velocity that oould be propagated, 

It was in fact found that, whereas below the critical speed fracture could 
ocour anywhere in the specimen, above the critical speed, fracture wes 
always at the impact end with the rest of the wire relatively unstrained, 
Thus a low energy absorption my be associated with high speeds of loading 
even though the fracture itself is essentially duotile. 


169. This type of localised fracture with low total energy absorption 

may be of soms importance in connection with the behaviour of ship's plating 
when subjected to underwater explosions. Thus a panel of plating will in 
general be given a higher velooity normal to itself than the framework to 
which it is attached and round the edgea the resultant lateral velocity 

of stretching may be greater than can be propagated through the plate. 

The panel can thus fail round the edges with relatively little energy 
absorption in the main body of the plate. This effeot of edge restraint 

is relatively unexplored but is probably of considerable importance in 
actual ship targets. 
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APPENDIX A 


Theory of small~amplitude sound pulses 


Al. Pressure in pulse 


Let time interval after the initiation of the explosive charge 
mass density of water 

velocity of sound in water 

pressure in pulse (additional to the hydrostatic pressure 
existing prior to the arrival of the pulse) 

velocity potential 

distance of point from the centre of the charge 


3S cw atec 


Assuming the pulse is of small amplitude and retaining only the first order 
term, the pressure is related to the velocity potential V by the equation 


= -p ov sete) Melcle || -uicicn || Jotsict Mucle’e’ TP efaie't tts lctenmmirerate (A1) 


The partial differential is used since p and V will vary in general, both 
with time and with space co-ordinates defining the position of any point 
in the water. The velocity potential V can be shown to satisfy the wave 
equation 

2 


vv-=4.-9% eee eee ooo eoe eee eco cece coe (42) 


where in rectangular co-ordinates 


vv = ve q. + q, siere eee eee SOON NOCON = O0C (A3) 


Transforming equation a2 to spherical polar co-ordinates (r, 9, f) 
2 


dgeVe dco) RON tert eety Gets ow 
BeSpe- Pak (SD + pepe ad (sme$D sappre hye oe (aH) 


But for any point distant r from this centre, both p and V will be 
functions of t and r only and equation A4 can be written 


AVav-SOv.. iow 


a ote ar + F ar eee eee eco ere ere eee eve (A5) 


Equation A5 can be written in the form 
2 . \ 
die) . 1, Siew Pun CER rh es 
r t 


One solution of equation A6 is 


I$ 
Se haat scree, ada loeb: he ae ee 


cr 
where F can, in general, be any function. 
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From equations Ai and A7 the pressure is given by 


Bia oS (bi Spin stuk'so she vans, cate PEERME RSE MR oe (a8) 


where - f denotes the derivative of F with respect to t as defined by 
d 
f(t) hs au Sr («)} eee eee eee eee eee eee (A9) 


42 Particle Velocity. The particle velocity u can be derived from 
the velocity potential V by the relation 


Hy = oy So) ISAS Sna oct Mos ooo. oon) | gsc (A410) 


From equations A7 and A10 


4 1 
u=anf (t - &) - pe F(t - &) na soo, ace (A11) 
where f is defined as before by equation A9. 


The first term in equation Ai1 is similar to the expression for the 
pressure in equation A8 and decreases inversely as the distance, whereas 
the second term decreases more rapidly as the inverse square of the 
distance. At large distances this second term, sometimes called the 
afterflow, becomes negligible compared with the first term and to a first 
approximation 


i fe 
u=c ve ((( - a) eee ove eee eee eee eee eco (412) 
Using the approximate relation of equation A12 and equation A8 the pressure 
and particle velocity are related by 8 
ye Pee coe eee eee eee eco eee coe eco (A13) 


Ad. repulss per unit area. The impulse per unit area I transmitted by 
the pulse across the spherical surface at radius r is given by the area of 
the pressure/time curve at any distance. If the origin of time be taken 


from the instant at which the sound pulse starts from the centre, so that 
it arrives at radius r at time r/c then from equation A1 


oo 
Ms ne 3 r 
we ye Sensi E(t = 4) dt ce see cee ane (Atk) 
r Tv 
ra) Ci 
Therefore 
oo 
= P 1 t a c 
T= < [f (t') at!, where t' =(t - 5) ce cee ene (A15) 
re) 


Since the shape of f(t') is independent of distance, the impulse per unit 
area varies as the inverse of the distance. 
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Ale Energy associated with pulse. The energy per unit area Q 
transmitted by the pulse across the spherical surface at radius r is given 


by 


Q = PEW Elo casi) jheles bases, hese! Uses: Meee) <sea/ (AIG) 


= 


The integrand in equation A16 is the rate at which work is done per unit 


= by the water within the sphere of radius r on the water outside this 
sphere. 


From the approximate relation of equation A13 and equation a8 
oS 00 
2 


OQ = ps pdt = 28 feces} ae See yectetemetects (417) 
a o 


The total energy E transmitted across the spherical surface of radius r 
is given by 


oO 
2 
B= 40 rQ = 2 | [-0} dt sid) Sea) en ae ee 
ce] 


The use of equation A13 in deriving equations A17 and A18 corresponds to 
neglecting the second term in equation Al1. If this latter term is 
taken into account, the energy E is no longer independent of distance, 
and even when the pulse is strictly finite in duration, some energy is 
left behind as kinetic energy of the water after the pulse has passed. 
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APPENDIX B 


Theory of gas bubble motion 


Bi. The gas bubble is assumed to remain spherical throughout the motion 
but oscillates in size and rises under the influence of gravity. The 
motion is considered to take place in an unlimited mass of water. The 
free surface is taken to be sufficiently far away as to have no direct 
effect on the motion. (The surface will, however, enter indirectly, in 
so far as its position determines the hydrostatic pressure in the 
neighbourhood of the bubble). 


B2. The motion of the gas bubble involves two well-known types of 
incompressible flow. The first type is the bodily motion of a sphere 
through water in a fixed direction, namely upwards for the gas bubble in 
the present problem. The second type of incompressible flow is the pure 
radial motion of the gas bubble corresponding to an expanding or 
contracting spherical cavity. 


B3.- The following notation will be used for the analysis of the motion. 


t = time interval after the initiation of the explosive charge 

f = mass density of water 

a = radius of bubble 

g = acceleration due to gravity 

zZ = depth of bubble centre below a point 33 ft. above the 
water surface 

p = pressure inside the bubble 

Vv = volume of bubble 

G(a}) = potential energy of gas in bubble. This is equal to the 
work which would be done by the gas on the walls of the 
bubble if expanded adiabatically from radius a to infinite 
radius 

Qa, = fotal energy associated with the bubble motion 


BL. It is a standard result that a sphere moving linearly in water can be 
regarded as having, in addition to its own mass, a virtual mass equal to 
half the mass of the displaced water. Therefore, neglecting the weight of 
gas in the bubble the total effective mass of the bubble is the virtual 
mass, 2/3iipae The upwards velocity ot the gas bubble is -dz/dt so that 
the upward momentum is - Zeke dz/dt. This upward momentum is 

produced by the net hydrostatic force on the bubble. Neglecting the 
weight of the gas in the bubble, this force is simply the weight of the 
displaced water, L/ 31k pg. Therefore, by Newton's second law of motion 


3 3 
$Tpa c = & { - pe a | arele. | teats svete eters sate (B1) 
Integrating equation B1 gives 


ee a) oe a at PY |: A Sa, qgcren a ees (B2) 


B5. Another relation between a and z can be derived by forming the energy 
equation of the motion. First, the kinetic energy in the water round the 
bubble due to the combined radial and linear motion is given by 


otipa? (22) + Tape (ay 
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Secondly, changes in gravitational potential energy of the water can be 
simply allowed for by taking the bubble as having a negative weight equal 
to the weight of the displaced water. The potential energy due to 
gravity can thus be written as 4/318 epz. Finally, the potential energy 
of compression in the gas has been defined as G(a) whilst the total energy 


of the motion is Q, Hence the energy equation can be written 
' mn Sd Ae Bydm~ | bas 9 
Gp = 2iipa (3) + Zipe ($2) + Zieapez+ G((alyineistet Mite ate (B3) 


B6. The values of G(a) and Q, will depend on the nature of the explosive. 
For T.N.T. it was deduced from early measurements*® of the period of 
oscillation of the gas bubble that Q, = 0.5Q where Q is the total chemical 
energy liberated by the explosive which can be taken as about 880 calories 
per grem for T.N.T. In C.G.S. units the energy Q, of bubble motion for 

a T.N.T. charge of mass M grams is given by 


10 
Qa = 1285 x) 10 M ergs eco eee eee ere eve eee (BA) 
B7. An expression for G(a) can be obtained by using the relevant 
adiabatic relationship between pressure and volume for gaseous products 


of the explosion. Using the relationship calculated by Jones and Miller 
for T.N.T. it is found that 


G(a) = 2.189 x 10'x SOLeMoco oom, F001. ooo | S00 (B5) 
a 


where a is measured in cme and M in grams. 


B8. Equations B2, B3, By, and BD can be used to determine a and z, for 
aT.N.T. charge of given size. However, for calculation purposes it is 
convenient to put these equations in non-dimensional form. This can be 
done by introducing a length L defined by 


L= (ey S66. pool, Paco Woodes WROGUMEEGDO: 600: od (B6) 


Hence writing 


a=a'L 
z= zZ'L eee eee eee coe eos eee eee eee (BZ) 

L 

= ¢'/= 

t t Zz 


the equations for a‘ and z' are 


2 2 
da' =. ee - G(a) - 4 dz* = a , eco eee BS 
(2) 2na'? I Q, 6 (22) 3 = ( ) 


i 3 = 5 At at!- isc “hee ase, voce meee (B9) 
a 


*Later results suggest that a better estimate is: QL = 4 Q 
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For T.N.T. the ratio Sa) can be expressed as 
b 


Gla) . oor HEL)? sieevih cindy | 68S tame Met oad kiteioanean (510) 


Ts 
where L is in centimetres. 


B9. Equations B8, B9, and B10 are sufficient to determine a‘ and z' 

as functions of time subject to given initial values. For most purposes 
it is sufficient to take a’ = O when t =O and if the charge is exploded 
at a depth z, below the level 33 ft. above the sea surface, the initial 
conditions can be written 


when t = 0 ere eee eos eee eve (B11) 


Since equations B8 and B9 are non-linear, they can in general only be 
solved by a numerical step-by-step process. Moreover, equation B10 
involves L explicitly and since L varies with the size of charge, each 
calculation must be carried out separately for a particular size of 
charge and a given depth. 
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APPENDIX C 


Effects of pressure pulse normally inoident on a plane plate 


Ci. FigeCi shows the pressure 
pulse normally incident on unit 
area of an infinite plate. Let 


t+ = time measured from the first 


Onan arrival of the pulse at the 
INCIDENT PULSE plate 


x = displacement of the plate 
k resistance to motion for 
kx unit area per unit 
x displacement 

Pp, = pressure in incident pulse 
P. = pressure in reflected pulse 
P = pressure on plate 

ae P, = maximum pressure in pulse 
u, = particle velocity due to 


the incident pulse in 
water touching the plate 
particle velocity due to 
the reflected pulse in 


u 
Fig.C1 = Pressure pulse incident on water touching the plate 
unit area of infinite plate f mass density of water 
te) 
n 


velocity of sound in water 
mass of plate per unit 
area of surface 


The plate can reasonably be assumed thin enough to neglect elastic waves 
within it and can be treated as moving bodily with velocity dx/dt The 
particle velocities are taken in the direction of travel of the respective 
waves. The total particle velocity of the water in the x direction is 
therefore u,-u,- Assuming in the first instance that the plate and water 
move together, the continuity of velocity implies — 


x = u-u, coe eco eco eco eco eco eco (C1) 
Now equation A13 holds generally for a plane wave or pulse travelling in 


any direction, the particle velocity being taken as measured in the direction 
of travel of the wave. Hence 


P, = peu, 
mm & 
Substituting in equation Ci 


B50 | cod" noGe doa "dasa, sccae doo. (G2) 


pot = BP, eco coe eco eco coe eco eco (c3) 


The equation of motion for unit area of plate is ~~ 


2 
max = Pp +p ok coe eco eco eee eco coe (C4) 
at>  °2 


Substituting for p, from equation 33 


ax ax be 
mt * Poa +kxe = 2p, coo eve eee ° ° (C5) 
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Equation C5 relates the displacement of the plate to the pressure p, 
in the incident pulse, that is the pressure in open water in the absence 


of the target. It is convenient to use the exponential form™ for 
this pressure 


P; = PB & eee eee eee 200 eee eee (c6) 


Substituting in equation C5 


a’x dx aivia 
mm +Pco— +ker = t-] eco eee eve eee 
at” at = Ga 


Equation C7 can be solved for the initial conditions which correspond 
to the plate being at rest before the explosion, that is 


x = O 
ae when t = 0 sieie (@ Moleel ese Menme(CO)) 


For most practical cases to which the theory is all applicable, it is 
sufficiently accurate, in the first instance, to neglect the term kx 
in equation C7. The solution for the displacement at any time is then 


2Po -net — -nt 
x = pee € -i1+é6 -f£e eee coe (C9) 
mn (€-1)& 
where € is a non-dimensional quantity defined by 
c 
E =Fe ness Mamet tbe Setstech (CLO) 


Corresponding to the solution C9 for the displacement, the pressure on the 
plate can be obtained from equations C3, C6 and C9 in the form 


—nec -nt 
Ne hats oe = en -e \ An eee (C11) 


Now, whatever positive value be assigned to£, solution C11 indicates 
that the pressure acting on the plate will be initially 2p,., 
corresponding to instantaneous complete reflection and will then 
decrease to zero, followed by negative values which will ultimately 
tend to zero asymtotically. 


*The symbol p, is used rather than p,, of equation 10 to avoid 
confusion with the latter suffix and the symbol m for the mass per 
unit area of plating. 
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APPENDIX D 


Deformation of reotangular plastic panel by suddenly applied pressure 


In fig..Di & rectangular panel of 
plating of sides 2a, 2b with axis 
Ox, Oy parallel to the sides and 
having origin at 0, the plate centre, 


: is subjected to a suddenly ace 
F* pacos 2 cos ty pressure distribution p,cos Fa cos Lg 
If now 
h = plate thickness 
8, = uniform membrane stress 
J? = mass density of plate 
t = time 
Wt) = deflection of point (x,y) in 
plate at time t 

W(t) = central deflection at time t 


Fig. 1 - Rectangular plate subjected 


to impulsive pressure 
distribution 


then for deflections which are relatively small compared with the small span 
(one sixth or less), the equation of motion of the plate is 


2 2 2 
t Uz... 4Y dw t) Pa t) 
pa ome . p,cos 5 cos st + 8,h | et eiye Bp 60g. ada. (044) 
If the plate is fixed around the periphery the solution of equation i is 


wt) = w,(t) cos iL cos Le coe coe coe ooo coe coe coo (D2) 


2. 8 ~* 
viore ph dim(id - », . thi f1., thee We ke 


Subject to the initial conditions that the plate is flat end at rest, the 
solution of equation D3 is 


Wot) mR 2\(1) = comet)” aes Lees jmeny, pe occ) «ccm gumae einen 


where K = we abe (D5) 
= Te.h a+b= coo coe coe ooo eee ere eee 


ote] £3} dae! See) bee) Jee) ea URE een! 


The final solution given by equations D2, Dh, D5 and Dé Will be valid so long 
as the plate is stretching, which is true up to t =fifx. At this instant, 
Wo(t) = Wo = K and the plate is at rest everywhere with no velocity and has 
a deflected shape given by 


weiK cos ‘= cos LY eco eco coo eee eee eee eee (D7) 


12 
where Ww, = K is the permanent central deflection (that is of 0) and w is 
the permanent deflection of any point (x, y). Equation D7, therefore, 


represents permanent deformation and the plate will remain in equilibrium 
thereafter since the applied pressure p, cos'b* cosSf is insufficient to 


cause further stretching. Thus, equation D7 with K defined by equation D5 
is the_final en dishing produced by the suddenly applied pressure 


TX 
p, cos Ba 00S SE 


Energy absorbed in plastic deforaation 

D2. # The energy{) p absorbed in plastic deformation by stretching from the 
flat plate to the dished shape is 8,h times the increase in area of the 
Plate. If proportional motion of the deforming plate be assumed, that is 
the plate deforms in a constant shape throughout the motion, then the 
deflection wt) for any point (x, y) in the plate at time t would be of the 
form 


WARE EWPOCIEELCYS Iv) L) sae ‘elec. see) “eae, woe) Qemeubies (DS) 


where wt) is the central deflection at time t 


therefore Oe. 2B h wel t) | | (of)? + go" | dydx eee) (D9) 


—a- 


In particular, if the plate is assumed to deform in the empirical parabolic 
shape given by 


f(x, y) = fiz} {1-4 ose “eet cee Pet ae a CDIO) 


then Ope & {e+e Bhiwe(t): coset k., Woven aes OSD) 


Kinetic energy of deforming plate 


D3. The total kinetic energy CYof the deforming plate at tine t is 


B= snp | [[Mon] oe dual t))? SP aed Ck ei es) 


For the shape given by equation Di0 this gives 


OF = pn an ey’ eae" ccceMitieea  Bocee css CDIS) 
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Work done by pressure 
Dhe If the motion is produced by some given pressure distribution 


p(t, x, y) which varies in a known manner with t, x, y, the work W done 
by this pressure is 


W = | \ DGber ps y) #( x,y) Stet) Gydxdtin tem nueciohn ieee (14) 


0 -a -b 


which may be written 


W = H+) | at ai) Bete dels hes a) ee eee (D15) 


oO 
a 


where Kt) = p(t, x,y) f( x, y) dydx Oi OCiee COC, OIC (116) 
-a -b 


D5. For a given pressure p and any assumed form for the deforming plate 
such as equation D1i0, the function Kt) is mown, Hence, equating the 
combined plastic and kinetic energy to the work done, that is 


We O p+ (ay 
gives from equations Di1, Di3 and D15 an equation of the form 
2 2 
su fede + £ew(t) = (x9 Saal at. Soo ect (D17) 
t dt 
Co) 
256 
where M = 3 f hab 
eee e@eo ooo eoe eee coe (m8) 


x = 128 (2 + 2) ayn 


The energy equation Di7 can be differentiated with respect to time to give 


2 


tel + kwy(t) = Kt) eb, obs. - aide: SOCOM (119) 


Thus the assumptions of proportional motion and a uniform membrane stress 
in the plate lead to a motion analogous to that of mass M on a spring of 
stiffness k subject to a dynamic load KX t). 
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D6. For different assumed shapes f(x,y) of proportional motion, the 
energy absorbed by the plate as given by equation D9 varies less for a 
given mean deflection than for a given central deflection. Thus if 
Wt) is the mean deflection 


mt) = al | Meera) evar; vlc ested ee (B20) 


The energy absorbed by the plate can be expressed in the form 


Op=# x! W(t) 


rf (Lp is equated to the incident energy(i, an estimate of wt) instead 
of w,(t) is obtained. Such estimates of Wt) vary less for different 
assumed shapes than do corresponding estimates of Wo(t). For this reason, 
results of box or drum model tests are often expressed in terms of the mean 
deflection rather than the maximum deflection. 


De 
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APPENDIX E 


flection of a uiform elastic beam on spring supports 


Ei. Fig.Ei represents a uniform 
elastic beam of length 2a supported 
On spring supvorts and subjected to 
a uniformly distributed load w 
suddenly applied per wit length of 
the beam. Under these conditions, 
the deflection of any section of the 
beam distant x from the centre at 
time t is taken as y, and the 
deflection of the ends of the beam 
at this time is denoted by—. The 
deflection of the centre of the beam 
relative to the ends of the beam is 
represented by 2 while the mass per 
unit length of the beam is denoted by 
Me 


Fig.E1. Deflection of uniform elastio 
beam on spring supports 


First, the beam is assumed to deflect in the constant shape 


y =f + Q cos L* ere eoe coo coo eve coe eee eee (£1) 


2a 


Equation Ei satisfies the necessary conditions that 


y= 


2 
Bending moment EI + =o 


at ends when x = + a See Cte Coe eee) 


The problem is now reduced to finding 5 and 7 as functions of time. The 
kinetic energy of the beam Q[ is 


(gee | = Qbre.. Telesis weraet' dacs ce ee 


"a 


Whilst the total potential erergy H of the system is 


need od | mQia sisint iy aioe!’ ¢-e'soeegylie’stoh MURteiatna wiatstemn RIP) 


-a 


where the first term represents the contribution of the two end springs and 


the second term is the elastic energy of bending of the bean. 


Thirdly, the 


virtual work of the applied load w due to any small variation $ y in the 


deflection is 


sr= | BiOTIRG elk eee, dS aka lp os ee ene 


-a 
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Using the assumed deflected shape of equation B1, equations E3, El and E5 
beoome of the form 


i 
gy 4 at? +Bbn+h0n- 
RE eben” als PARE eeo A irae! 1 CED) 
Sw =PSE +n 


where A, B, C, P, Q and k are constants depending on the beam and spring 
properties and the applied load w. For the two unknowns & and, 
Lagrange's equations are 


Ae) + 5 39 occ aicle eee eee sisle (87) 


28). # = Q SOOM Ora) woche acca) cde (G3) 


which, when applied to equation E6 gives 


Ag+By +5) =P Sekt, Gate: Meac-o! bons MOAN CES) 


” 
BE +07 +k» =Q ooo eee eee coe eee (£410) 


Initially, the system is at rest so that 
Boe 5 an .0 
2 


A 5 when t =0 eee eco eee eee (E41) 
= 2 = 


The ordinary simultaneous differential equations E9 and E10 can be 
solved subject to conditions of equation E11 and hence the method 
determines and 2 
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APPENDIX ry. * 


Airblast trom underwater explosions 


Not a great deal is known about the airblast caused by charges 
exploding below the surface in water. The few measurements which have 
been made have shown that if the charge is just above the surface of the 
water, the blast wave is the same as that from a similar charge resting 
on the ground. If the centre of the charge is a depth D expressed in 
units of the "charge radius", the blast wave in the air is believed to 
be approximately hemi-spherical in shape and intensity, centred at a point 
in the water surface above the charge, and to be roughly the same as that 
caused by a charge of weight SW exploded on the ground, where the 
reduction factor S is shown in the following graph as a function of D. 
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If part of the charge is above the water surface, and part below, 
then it seems necessary to integrate over the charge, allowing for the 
depth of each element, in order to find the equivalent charge. For 
example, in the case where a cylindrical charge, long compared with its 
diameter, is detonated with the length vertical, part under water and 
part above, the part below water is very appreciably muffled, as is olear 
from an inspection of the curve S above. 


An explosion which cases a strong airblast wave over the surface 
of water throws up spray. A layer of water is tripped off the surface 
and breaks up into droplets which move in the turbulent boundary layer. 

It can be shown that the height to which the spray reaches is approximately 
1/80 ft., where I is the positive impulse in the blast wave, measured in 
pounds weight milliseconda/in?. This formula will begin to fail for small 
charges (1 1b. or less), but should be roughly valid for larger charges. 
The failure is due to the finite time taken for instabilities to develop 
in the water surface (of the order 1 millisecond), a time which is 
independent of the scale of the explosion. 
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APPENDIX c. * 


Gravity waves in the sea caused explosions 


If a emall charge, say a few ounces, is exploded just above or 
below a water surface, an impressive wave system is generated. The 
scaling laws from small to large charges, however, are such that large 
charges generate disappointingly small wave systems, particularly if the 
charge is exploded above the water surface. 


The waves caused by an explosion below the surface is supposed to 
result mainly from the creation of a cavity which breaks near its 
maximum. The largest cavity is caused when the depth of the charge is 
about 70-80% of the maximum bubble radius, a result which allows the 
optimum depth to be calculated. The wave height at distances proportional 
to the linear dimensions of the bubble (or cavity) are directly 
proportional to the linear dimensions of the cavity. Since the bubble 
is created against a pressure which is the sum of atmospheric pressure 
and a head of water equal to the depth, the size of the cavity increases 
less rapidly with charge weight than does the linear dimensions of the 
chargee 


When the charge is exploded a few charge radii above the water 
surface, the wave system is generated by the impulse given to the water 
surface. In this case, the scaling law is that the wave height at 
distances proportional to the linear dimensions of the charge is 
proportional only to the sixth root of the charge weight. Comparatively 
enormous charges (eege the atomic bomb) cause waves only a few inches high 
at a distance of 1,000 yards. 


If the depth of water is only of the order of a few charge radii, 
the waves near the centre are comparable in height with the depth of water, 
and therefore probably break. The theory of small wave heights is no 
longer applicable, and the waves must be considered more analogous to a 
tidal bore. 


Broadly speaking, gravity waves caused by explosions are of little 
operational interest, but there are two possible exceptions (a) where the 
e is enormous (several thousands of tons, in relatively shallow 
water), (b) where multiple charge arrays, giving a “beam", are employed. 
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PART I. 


RESULTS. 


(1) Origin and Purpose of the Experiments. 


The development of depth charges and non-contact mines as a means of 
destroying submarines has made it necessary to investigate as fully as possible the 
effects of different charges under water, at different distances, and under different 
conditions of depth, &c. The damage inflicted by a non-contact charge is due to a 
pressure wave transmitted through the water, and it is the law of action of this 
pressure wave that requires investigation. 

The most fundamental way of attacking the problem is to make an exact physical 
study of the pressure wave springing from different charges, and then, as a second 
step, to determine the relation between the physical constants of the pressure wave 
and its damaging power. 

This has been a recognised aim of investigation since observation mines were 
introduced in the American Civil War, and in fact the most extensive experiments on 
the subject, up to the present, were those made between 40 and 50 years ago by 
Lieut.-Col. H. L. Abbot, U.S. Engineers (“xperiments to develop a system of 
submarine mines, &c.’”—No. 23 of the professional papers of the Corps of Engineers 
of U.S. Army). Abbot's work, however, suffered from the limitation that the only 
quantity which he attempted to measure was the intensity of the pressure at different 
points in the water; there were no means for determining the duration of the 
pressure or the character of its rise and fall, though these are factors which may be of 
equal importance as regards the effect on a ship. The same remark applies to the 
continuation of Abbot’s work in recent years by Lieut. Schuyler, U.S.N. Moreover, 
present knowledge shows that, even as regards maximum pressure, the gauges used 
by Abbot and Schuyler were too sluggish to give correct results (Section 19). 

The necessity for fuller investigation, taking account of time as well as pressure, 
was urged on the Board of Invention and Research in 1917 by Sir R. Threlfall, and at 
his instance an attempt was made by the writer to develop gauges that wonld give 
more complete information. In the first half of 1918 a successful system of gauges 
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was evolved depending on the use of soft copper plugs to register the momentum 
acquired by steel pistons exposed at their outer ends to the pressure in'the water and 
free to move inwards towards an anvil. The construction, theory, and use of the 
gauges are described in Part Il. of this report, Part J. dealing only with the results 
obtained, and it is sufficient to say here that the measurements from a set of gauges 
enable a stepped diagram to be drawn, representing the average pressure during 
different periods at a given place in the water, as illustrated for example in Fig. 1. 
A curve drawn through the steps in such a way as to take in as much as it leaves out 
is assumed to represent the time-history of the pressure. The maximum pressure 
was determined separately by a somewhat different type of gauge. 

Some preliminary experiments were made at Portsmouth, but as soon as the 
gauges had passed out of the experimental stage approval was obtained for carrying 
out a systematic programme of investigation in deeper water. The locality selected 
was Troon, on the Firth of Clyde, and H.M. Drifter “‘ Malapert ” was allocated for the 
purpose. The experiments at Troon commenced in August 1918 and were concluded 
in the following April. A list of the charges fired is given in Appendix I., they were 
mostly of regular Service types and ranged from 40 lbs. of explosive to 1,900 lbs. 
One hundred and seven shots were fired altogether, amounting to about 21 tons of 
explosive. 

The executive arrangements and the working party and ship were under the 
direction of Lieut.-Commander D. Errington, R.N. 


(2) Scope of the Results. 


Broadly summarised, the experiments have shown that the pressure wave from a 
submerged charge of high explosive is a very regular and symmetrical phenomenon. 
In the region investigated, that is to say, at distances between 25 and 100 feet from a 
5U0-lb, charge and corresponding distances from other charges, the pressure wave 
follows very approximately the simple laws of sound, the velocity of the-wave being 
the same as that of sound and the pressure falling nearly in simple proportion to the 
distance. All the principal features can be expldined from the standpoint of acoustic 
theory. For example, the influence which the surface of the water exercises on the 
pressure at any given point can be completely accounted for by assuming that the 
pressure wave is reflected from the surface as a wave of tension. 

The pressure wave from a big charge is more intense and more sustained than 
that from a small charge, the two pressure waves being connected by a definite 
relationship deduced from the principle of dynamic similarity. 

Other questions examined include a comparison of various high explosives 
(T.N.T., 40/60 amatol, 80/20 amatol, guncotton and ammonium perchlorate) and 
also of some powder charges; the effect of surrounding a charge with a large air 
space, as in a buoyant mine; the effect of exploding a charge on the sea-bottom 
instead of in mid-water; the influence of the shape of the charge as affecting the 
symmetry of the pressure wave ; and the effect of composite charges, made by lashing 
together several charges, of which only one is primed and fired. 

By observing the deformation of standard mine cases suspended at known 
distances from various charges a beginning has been made in the investigation of the 
relative damaging power of different pressure waves, and it has been proved that the 
extent to which a structure is damaged is not entirely determined by the maximum 
intensity of the pressure, but also by the period for which the pressure is sustained. 


(3) Nature and Genesis of the Pressure Wave. 


Before describing the results in detail it is useful to picture what probably 
happens at the moment when a submarine charge is fired. Assume that the charge 
is a sphere of T.N.T., weighing 300 lbs. and therefore 22 inches in diameter, and 
that detonation is initiated at the centre. The velocity of detonation in T.N.T. is 
24,000 feet a second, so that in about four hundred thousandths of a second the whole 
of the explosive is transformed into incandescent gas under enormous pressure. The 
globe of gas expands’ rapidly (but much less rapidly than it would in air, because it 
has the additional inertia of the surrounding water to overcome) and in a thousandth 
of a second the volume of gas has probably expanded 5 or 10 times and the pressure 
fallen to 2 or 3 per cent. of its first intensity. As the pressure falls the gases expand 
more slowly. Jn the first few hundredths of a second levitation has no time to lift them 
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appreciably ; afterwards they begin to rise and to lose their sperical form. What 
happens to them eventually depends on the depth at which the charge was fired. 
If it was fired at a moderate depth, say 30 or 50 feet, the gases rise and vent them- 
selves at the surface before their pressure is completely spent, throwing up tall 
plumes of smoke and spray. But at a greater depth, say 200 feet, the pressure of 
the gases is entirely spent before they can reach the surface ; probably after several 
seconds the pressure falls to less than the normal hydrostatic pressure, owing to 
condensation of steam and other causes ; after this the gases are churned up with the 
surrounding water into an emulsion, which, being of lower specific gravity than sea- 
water, pours up slowly to the surface. 

The supposed history of the explosion products has been traced to a corclusion 
because it is of interest to account for the effects observed at the surface, but it is 
only during the first thousandth of a second or so that the effective part of the 
pressure wave is generated. At the moment when the wave of detonation reaches 
the surface of the exploding sphere the charge may be supposed still to occupy 
exactly its original volume (Section 9), and the water in contact with it, which until 
that moment was under normal pressure, is instantaneously subjected to a pressure 
probably exceeding 200 tons per square inch. The first layer of water is compressed 
and thrown outwards, compressing the next layer, and so on, and in this way there 
is generated the front of a pressure wave, which springs away with a velocity that at 
first exceeds and then rapidly approximates to that of sound in water, The globe of 
gas, expanding much less rapidly than the pressure wave, feeds the rear of the wave 
with a continually falling pressure. At any instant the pressure in the water at 
different points along a radius increases continuously from the boundary of the gases 
to the front of the wave, where the pressuré is a maximum. 


The pressure wave is, of course, nothing but a very strong sound wave; the 
mechanism of its propagation is essentially the same as that of sound, the difference 
is only in the intensity of the pressure transmitted. According to elementary 
acoustic theory the pressure in a spherically diverging sound wave falls off in simple 
proportion to the distance from the source, the time-pressure curve at distance D, being 


a copy of the curve at distance D, with the pressure altered in the ratio = The 
1 


velocity of propagation is independent of the distance. This theory, however, is only 
exact in the case of infinitely weak waves, since it rests on the assumption that the 
compression of the medium is indefinitely small. At a very great distance, from a 
submarine explosion this condition will be approximately fulfilled, and the experiments 
made by Mr. Boulding in connexion with submarine sound ranging have proved that 
at distances of several miles the velocity of the pressure wave is the same as that of 
sound in sea-water. 


On the other hand the simple laws of sound cannot be expected to apply in the 
region near the charge, where the very intense pressure produces considerable com- 
pression of the water. In this region the velocity of propagation of the pressure wave 
must be greater than that of sound (Section 23). Moreover, the front of the pressure 
wave, where the pressure is greatest, must travel faster than the subsequent parts of 
the wave, where the pressure is less, and this involves a tendency for the crest of the 
wave to become flattened, the maximum pressure falling more than in simple pro- 
portion to the distance. At the same time, if the energy of the wave is conserved, 
the time integral of the pressure must fall less than in proportion to the distance. 


The present investigation was confined almost entirely to distances at which the 
pressure did not exceed about 2 tons per square inch (25 feet and upwards from 
a 300-lb. charge and corresponding distances from other charges). Under this 
pressure 100 volumes of sea-water are reduced to 98°7 volumes, that is to say, the 
‘condensation’ is only °013. which is a small quantity though not of an infini- 
tesimal order. It was therefore expected that the pressure wave would behave not 
very differently from an ordinary sound wave, both as regards velocity and in other 
respects, and the experimenfal results proved this view to be correct. 


There must be a great difference in this respect between the propagation of 
explosion pressure waves in water and in air, for the pressures necessary to produce 
the same small condensation in these two fluids are in the ratio 24,000:1. An 
explosion pressure wave in air must certainly deviate widely from the simple acoustic 
laws for a great distance from the charge. 
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(4) Effect of a 300-lb. Charge of 40/60 Amatol at a discance 
of 50 feet. 


Towards the end of .1917 Mining School carried out a series of experiments in 
which H.M. Submarine 1D). 1 was attacked at different distances with depth charges 
containing 300 lbs. of 40/60 amatol. Roughly speaking, the result of these experi- 
ments was to show that at distances above S() feet the damage was not very heavy, 
while at smaller distances the damage was vital. The gauges for the present experi- 
ments were accordingly designed to be suitable for the region between 45 and 100 feet 
from a charge of this type, and the pressure at a distance of 5!) feet was made the first 
object of investigation. 


The result is shown in Fig. 1, which represents the average of five shots. The 
pressure rises to its maximum intensity (‘80 ton per square inch) almost instan- 
taneously, at most in a few hundred-thousandths of a second ; it-falls in a thousandth 
of a second to a quarter of its maximum intensity, and afterwards continues to fall 
more and more slowly ; after five thousandths of a second there still remains a very 
small pressure. 


The time integral of the pressure 
(= { pat = the area of the time-pressure curve) 


up to five thousandths of a second is I (t = 5 x 10-*) = ‘68, a pressure of one ton 
per square inch for a thousandth of a second being taken as the unit. The whole- 
time integral of pressure, up to the moment when the pressure ceases or becomes 
negative, can only be very slightly greater than this. More than half the time 
integral of pressure occurs in the first thousandth of a second, and more than four 
fifths in three thousandths of a second, I (t = 10-*) = -40, 1 (t = 3 x 107%) = 60. 


A time-pressure curve such as that shown in Fig. 1 gives complete information 
as to what happens in the water when the pressure wave passes. For example, the 
velocity of a particle of the water at any moment is 


De 

ap 
a being the velocity of the pressure wave (Section 6) and p the density of sea-water, 
or 33 p, if the velocity is expressed in feet per second and p in tons per square inch. 
The particle-velocity is greatest in the front of the wave, where the pressure is greatest, 
and there amounts, in the present case, to 26°4 feet per second. Again, the displace- 
ment of a particle from its original position is 


= | pdi, or 0° 40_I, 


if the displacement is expressed in inches and the time integral of pressure I in the 
dimensions defined above; thus in the present case the total displacement of a particle 
by the pressure wave is ‘27 inch. 


The flux ef energy, that is to say, the energy which crosses each unit surface of a 
sphere with the charge at its centre, Is 


F = + | pidt, or F = 774 x 10*| pat 
ap- 


if I"is expressed in foot-pounds per square inchand p in tons per square inch. In the 
present case F (t = 10~*) = 14, F (¢ = 3 x 10) = 15°7, F (t= 5 x 107%) = 16°80. 
Since nearly nine-tenths of the energy passes in the frst thousandth of a second, 
which corresponds to 4 radial distance of about 5 feet, it is clear that nearly all the 
energy of the pressure wave is concentrated in the front of the wave in a layer only a 
few feet thick. The whole energy of the pressure wave, assuming that it springs from 
the charge with equal strength in all directions, is 4 * D°F = 72 x 10° foot-pounds, or 
-24 x 10® foot-pounds per pound of explosive. Since the total energy liberated by the 
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explosion of | lb. of 40/60 amatol is roughly 10° foot-pounds, it appears that about 3 
quarter of the whole energy of the explosion gets away in the pressure wave. 


(5) Regularity and Symmetry of the Pressure Wave. 


A mass of evidence was collected showing that the pressure wfive from a high- 
explosive charge under water is very regular and symmetrical; the pressure wave 
springs away from the charge with practically the same strength in all directions, and 
when similar charges are fired under similar conditious the results are nearly 
identical. 


The time-pressure curves illustrating this report represent in most cases the 
average of several shots. In only one instance (referred to in Section 10) did the 
results of any individual shot differ by more than about 5 per cent. from the group 
average. Three typical groups are shown in the following table, and some other 
figures are given at the end of Section 18. 


TaB_e I. 


D = distance in feet from centre of charge to gauges. 
P = maximum pressure, in tons per square inch. 


I (t = 3) = time integral of pressure for the first three thousandths of a second, 
in units of 1 ton per square inch for one thousandth of a second. 


Charge. Shot. D. 


1,600 Ibs. 80/20 amatol =- = - | 85 634 
86 
87 


Average. 


272 lbs. R.D. No. 30 mixture - ~— - 69 50 
71 
94 


Average. 


312 Ibs. guneotton = - - - 2 60 50 
63 
67 

Average. 


The symmetry of the pressure wave was tested, in a very large number of shots, 
by comparing the indications of two groups of gauges at equal distances from the 
charge in opposite directions, one group on the side away from the “ Malapert,” the 
other on the near side, and in some cases a third group of gauges was hung at an 
equal distance vertically underneath the charge. The ratios of the results in these 
three directions are shown in Table II. When copper gauges were not available for 
this purpose, use was made of the plasticine gauges described in Section 20. The 
distance of the gauges from the charge was in nearly all cases 50 feet from a 300-lb. 
charge and corresponding distances (Section ¥) from other charges. It will be seen 
that there was only one instance of pronounced dissymmetry (Shot 27); in all other 
cases the differences are slight, averaging only about 5 per cent. Considering that 
the differences recorded in the table must be partly due to errors of the gauges and 
inexactness of the measured distances it is clear that the strength of the pressure wave 
is generally very nearly the same in all directions. 


The.special case cf a charge of very elongated shape is dealt with in Section 15. 
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Tas_e II. 


P = maximum pressure. 


I (c), I (p) = time integral of pressure measured by copper gauges and plasticine 
gauges respectively. 


The arrows represent three directions from the charge, ~ being the direction from 
the charge towards the “‘ Malapert.” 


P. I (). T£p). 
Shot. 
| 

17 = = = = = 100 100 = 

20 = = = = = 100 103 = 

22 = = = = = 100 91 = 

23 = = = = = 100 97 = 

25 ss = = = = 100 95 = 

27 _ _ _ ~ — 100 92 133 

29 ss = = = = 100 = 100 

30 = — = = 100 90 98 

32 = = = = = 100 108 = 

33 — — — —_— —_ 100 104 — 

ae = Be, ee = 100 97 97 

35 Ey a = = = 100 98 103 

36 _ -- _— — —_— 100 96 — 

37 _ -- _ — — 100 105 — 

38 — _— — —_ —_— 100 88 94 

44 = = — _ 100 96 106 

45 _— —_ _— —_ a 100 88 94 

46 100 106 — 100 103 100 101 —_— 

47 —_ —_ —_ —_ —_— 100 102 —_— 

49 100 100 —_— 100 96 —_ — == 

50 100 95 — 100 98 _— — — 

5) = = == — — 100 111 _ 

52 — — _— — — 100 88 = 

53 100 94 — 100 95 — — 

55 a — _ — 100 98 

56 _— _ — _— — 100 108 — 

57 100 95 — 160 94 —_— _ — 

58 100 96 — 100 100 _ a — 

59 -- — _— _ — 100 103 — 

60 Joo |} 100 — 100 104 _— _— = 

61 100 | 206 = 100 102 = = = 

62 100 105 —_— _ — 100 104 

63 100 101 — 100 95 —_— _— 

65 100 103 —_— —_ — _ —_— — 

66 100 96 — 100 100 —_— —_— = 

67 100 98 —_— 100 98 —_ —_— — 

68 100 104 — — — 100 108 114 

69 100 104 —_— 100 108 _ —_— —_— 

f(ll 100 100 — 100 105 —_— — = 

72 100 _ 104 _ — — —_— _— 

74 100 —_— 104 _ — a _ —_— 

81 100 — 106 == — = = _ 

84 100 95 —_ 100 94 — — = 

85 100 107 _ — = — _ 

86 100 102 — — —_— _ _— 

87 100 103 —_— — —_— _— _ — 

88 100 100 — _ _— _ = = 

90 100 108 — — _ _ _ _— 

94 — -- -- 100 97 — — _— 

95 100 97 _ 100 95 — _— 

98 100 101 —_— _ _— _— _ — 
100 100 106 — —_— _ _ —_ _ 
103 100 102 —_— —_— —_ _ _— _ 
104 100 105 — _— —_ _ —_— 


(6) Velocity of the Pressure Wave. 


‘The experiments described in Section 23 proved that the velocity of the pressure 


wave is, within a few per cent., the same as that of sound in sea-water, or about 
4,900 feet per second. 
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(7) Variation of Pressure with Distance. 


This was investigated by hanging gauges at different distances D in the same 
radial direction from the charge. The results, which are recorded in Table IIL, were 
calculated in the form— 


Pressure (or time integral of pressure) at distance D, _ (as 
Pressure (or time integral of pressure) at distance D, D, 
It will be seen that the maximum pressure appears to fall off slighty more than 


in proportion to the distance (x > 1), but roughly speaking the time-pressure curve at 
distance D, is a copy of the curve at distance D, with all the ordinates altered in the 


proportion a Examples are shown in Figs. 14 to 18, 20 and 23. 
2 
The results indicate that the wave spreads with very little dissipation of its 
energy. 


TaBLe III. 


D = distance in teet from centre of charge to gauges. 

P = maximum pressure in tons per square inch. 

I(t = 1), I(t = 5) = time integral of pressure for the first thousandth of a second 
and for the first three thousandths of a second, in units of one ton per square inch for 
one thousandth of a second. 


Charge. Shot. D. P x W@=1) x I¢@=3) «x 
1,900 Ibs. 50/50 Amatol - | Average of 88, 90 - 46} Wirz F — 1:96 P 
92h | -85 4 1°08 - -96} 1:08 
185 — _— 47} 
1,600 Ibs. 80/20 Amatol- | Average of 85,86, 87 635 ester) 1-21 ‘i 
Paps coies se ei} 799 
1,000 Ihs. ‘P.NZT. - - | 90) = - - = Hh 1b) — “deel ae “$6 4 
| 250 a Msifigee 232 oe 
1,000 Ibs. T.N.T. - - | Average of 32,33 -| 75 — SEL) *“$6)]| 2 
" 120 7 +335 5 101 a5 Aiea 
#20 Ibs. 40/60 Amatol - | Average of 36,37 - 69 — “48 x a) ees 
11 = ont | 02 -4g{ “9! 
820 Ibs. 10/60 Amatol - | 52 - - - -| 69 = 455) ee 
| 169 = aaah 95 ‘39 f 05 
80D lhs. T.N.T. = - | Average of 17,25 -| 30 — 64 : | 27a 
50 a= 37 {1 ps -60 ( “9 
300 Ibs. 40/60 Amatol - | 29 - = = 5 50 = ey, -60 : 
120 ais = 73} 1 00 
300 Ibs. 40/60 Amatol - | Average of 105, 106, 12 4 00}, 16 
107. 28 | 1-501 8 
A0n) V-O2 a a 4 = = 
70 oy} 


(8) Surface Effects. 


When a charge is fired at moderate depth the effect observed at the surface is 
always twofold. ‘lake, for example, the case of a 300-lb. amatol charge at a depth 
of 344 feet. At the instant of firing (actually a few thousandths of a second after 
detonation) the surface above the charge begins io rise into a white dome of broken 
water, which reaches a height of about 35 feet on a diameter of 140 feet. About 
a second later the top of the dome is broken through by a rush of gas, which carries 
up plumes of spray to a height of LOO to 200 feet. The first effect signalises the 
arrival of the pressure wave at the surface ; it has nothing to do with the products of 
the explosion, in fact there is “solid’’ water between the exploded charge and the 
surface at the moment when the dome begins to form. The second effect represents 
the venting of the explosion gases. 

A large number of measurements of the dome and plumes are recorded in 
Section 26. The plumes are very variable, as might be expected; they generally 
appear as a broad bush-like eruption, but sometimes take the form of a single thin 
spout, rising to a much greater height (e.g., Shots 51 and 65). The dome measure- 
ments are more regular, and might have been even more so if it had been possible 
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to take cinematograph records ; the actual measurements are from photographs, and 
cannot be regarded as very accurate, since it is difficult to expose the camera at exactly 
the right moment. The significance of the dome measurements is discussed in 


Section 22. Some photographs of typical domes and plumes are reproduced at the 
end of this report. 


When a charge is fired at a great depth the dome and plume efiects appear in an 
entirely different form. For example, when a 300-lb. Amatol charge is fired at a depth 
of 200 feet the surface above the charge, over an area about 200 feet in diameter, is 
observed to quiver, and a slight flicker of spray is thrown up, but the surface as 
a whole does not rise at all and there is no sign of the whiteness caused by disinte- 
grated water—on the contrary, if the sea is perfectly smooth the surface appears 
darkened, as still water is darkened by a catspaw of wind. Nothing further is seen 
until about 25 seconds later, when a large volume of creamy green fluid begins to 


pour up at the surface, consisting of an emulsion of bubbles and water, the residue of 
the explosion products. 


The fact that the surface in this case is not broken at the moment of explosion is 
a proof that the energy of the pressure wave is completely reflected (except a minute 
fraction which passes into the air) and since it is acase of reflection in a dense medium 
at the surface of a light medium the pressure wave must be reflected as a wave of 
tension. The pressure in the wave front when it reaches the surface is 0°2 ton 
per square inch, and the reflected wave starts downward with a tension expressed by 
the same figure ; it is clear therefore that the water is able to support a momentary 
tension of this amount without breaking. To discover how much tension sea water 
is capable of supporting, a series of 40-lb. and 300-lb. amatol charges were fired at 
different depths. The point dividing complete reflection on the one hand and 
complete disintegration of the surface on the other is not very distinct, and depends 
moreover on the state of the sea, the surface breaking more readily when there is any 
lop. but approximately the minimum depth for complete reflection at a flat calm 
surface was found to be 60 to 80 feet for a 40-lb. charge and 125 to 150 feet for 
a 300-lb. charge, corresponding in both cases to a pressure of about 0°3 ton per 
square inch, and it may be concluded that this is about the greatest tension that sea- 
water is capable of supporting, even momentarily. 


The idea of the reflected tension wave leads to a simple theory of the effect which 
the surface exercises on the pressure at any given point in the water. Assume, to 
begin with, that the pressure wave is completely reflected, without breaking the 
surface. The effect at a point B, Fig. 2, is found by superimposing the effects of the 
pressure wave X direct from the charge A and the reflected tension wave Y, arriving 
by the path A C B. The tension wave is weaker than the pressure wave in the ratio 

AB 
A‘'B 
and arrives later by an interval 
A’'B — AB 
a > 
a being the velocity of sound in sea-water. The result is (as shown at Z) that the 
first part of the pressure wave arrives at B entirely unaffected by the proximity of the 


surface, but after a certain interval the remaining pressure is obliterated by the arrival 
of the tension wave. 


If the pressure is strong enough to break the surface the matter is not so simple, 
but there is reason for believing that the same rule holds, at all events very nearly. 
To take an imaginary case, suppose that a plane wave of the form shown in Fig. 1 
travels vertically to the surface, and that it disintegrates the water to a depth of 2 feet. 
This means that the first 4 feet of the pressure wave (from t= 0 tot= ‘8 x 10°°, 
Fig. 1) fails to get reflected, its energy being spent in giving an upward momentum to 
the disintegrated water. The remainder of the pressure wave, from t = °8 X 10°, is 
reflected from the new surface, 2 feet below the original surface, as a wave of tension. 
The point to observe in the present connexion is, that while the tension wave has 
been shorn of its first 4 feet it has also 4 feet less distance to travel, and the moment 
of arrival of the front of the reflected wave at any given point in the water is there- 
fore the same as it would have been if complete reflection had occurred at the original 
surface. It may be concluded therefore that the rule stated in the preceding para- 
graph still gives the correct moment for the obliteration of the pressure at any given 
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point in the water, and closer consideration shows that the rule is applicable in 
the region of disintegration itself, as well as below. 

To test this theory, four 267-lb. charges of 80/20 amatol were fired.at a depth of 
344 feet, and pressure measurements were made at depths of 14 feet, 24 feet, 54 feet, 
10 feet, and 344 feet below the surface, the direct distance from the centre of charge 
to the gauges being 50 feet in every case. ‘The time-pressure curve at a depth of 
344 feet is shown in Fig. 7, which represents the average of the four shots. The 
results at other depths are shown in Figs. 8 to 11; in these figures the rectangular 
steps represent the experimental results, but the curves are simply copies of the curve 
in Fig. 7, with the pressure cut off at times corresponding to the theory ; for example, 
with the gauges at a depth of 10 feet the difference between the direct and 
reflected paths AB and ACB, Fig. 2, is 12-2 feet, corresponding to 2°5 x 10-* second, 
and the pressure is represented as ceasing at this moment. The good agreement 
between the curves drawn in this way and the rectangular steps derived from the 
experimental results is evidence of the correctness of the theory. 

Further confirmation was obtained by firing a 1,000 lb. T.N.T. charge at a depth 
of 514 feet and measuring the pressure at a point 40 feet below the surface and 
250 feet distant from the charge. The experimental results are shown by the 
rectangular steps in Fig. 23, while the curve in the same figure is derived from the 
curve shown in Fig. 20, which represents the pressure from the same charge at a 
distance of 75 feet, by reducing the ordinates in the ratio 345;. The difference 
between the direct and reflected paths is 16 feet, and the pressure is therefore 
represented as ceasing at the moment t= 3°25 x 10-*. It will be seen that in this 
case also there is good agreement between the experimental rectangles and the 
theoretical curve. 

The effect of varying the depth of the charge is covered by the same principle. 
At whatever depth a charge is fired, within practical limits, the pressure wave 
springing from it must have exactly the same character, for even at a depth of 
1,000 feet the hydrostatic pressure is less than 2 ton per square inch, and the 
density and elasticity of the water are practically the same as at the surface. The 
only effect of firing the charge deep is to remove it far from the reflecting action of 
the surface. 

A comparison of Figs. 1, 3, 4 and 5, all of which refer to 300 lb. charges of 
40/60 Amatol, shows that the pressure wave is the same whether the depth of the 
charge is 34} feet or 20 feet; with the charge at a depth of 10 feet the first part of 
the pressure wave is the same, but after 2°3 x 10-5 seconds the reflected tension 
wave arrives at the gauges and obliterates the remaining pressure; with the charge 
at a depth of 5 feet the pressure is all over in about 14 thousandtlis of a second. 

To complete this series of experiments a charge of the same sort was fired on the 
surface, slung between two barrels so as to be about three-quarters submerged. The 
result is shown in Fig. 6. ‘The maximum pressure reaches nearly its full value, but 
the pressure disappears very quickly, being practically all gone in half a thousandth 
of a second. 

In many instances the gauges gave direct evidence that the pressure in the water 
is followed by a state of tension or cavitation—see, for example, Figs. 4 to 6 and 
8 to 11. Attention may also be drawn to the figures for Shot 55 in Table VI. 
(Section 18), from which it will be seen that the pistons in the last gauge of the series 
were practically brought to rest before reaching the end of their travel, owing to the 
state of tension following the pressure wave. ‘he tensions recorded were never very 
high however, the most that was observed being °044 ton per square inch, or 6°7 
atmospheres (Fig. 11). It is probable that cavitation occurs more readily at the 
surface of the gauges than in the water itself, so that the gauges record less than the 
full tension. The zero pressure line in the diagrams represents the normal hydro- 
static pressure at the depth at which the gauges are hung; in Fig. 11 for example, 
the gauges being at a depth of 10 feet the normal pressure is 1°3 atmosphere or *(08 
ton per square inch, and a pressure indicated as “044 ton per square inch below 


normal represents only °036 ton per square inch actual tension, or 5°4 atmospheres 
negative. 


(9) Comparison of Large and Small Charges. 


The experiments on this point were based on the following theory. Suppose that 
detonation is started simultaneously at corresponding points in two charges which are 
exactly similar except that the linear dimensions of one are R times as great as the 
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other; there are very strong reasons for expecting that the dynamical conditions in 
and around the small charge after a time t will be geometrically and dynamically 
similar to those in and around the big charge after a time Rt; ‘that is to say, any two 
correspondingly situated particles at distances D and RD from the points at which 
detonation was started will have equal velocities and will be subject to equal pressures 
at moments t and Rt. 


It can be demonstrated that if this rule is true for any one pair of moments 
subsequent to complete detonation it must remain true thereafter. For if the rule 
holds good at moments ¢ and Rt every particle in the big system has the same velocity 
as the corresponding particle in the small system ; the displacement of any particle in 
the big system is R times that of the corresponding particle in the small system; on 
the other hand the pressure gradient operating on a particle of the small system, and 
therefore the acceleration of the particle, is R times as great as for the corresponding 
particle in the big system; consequently, after infinitesimal increments of time dt and 
Rdt corresponding particles in the two systems will have acquired equal increments of 
velocity, but the increment of displacement of the particle in the big system will be 
R times as great as in the small system; the rule therefore will still hold good at 
moments t + dt and R(t + dé), and by an extension of the same reasoning it will hold 
good at all subsequent times 'T and RT. To complete the proof of the rule it is 
necessary to show that it also holds good during detonation, when forces are being 
liberated by chemical change. The difficulty here is that the nature and laws of 
detonation are not yet fully understood, and any picture of the process must be to 
some extent hypothetical. Detonation, then, may be roughly conceived as a wave of 
chemical transformation which progresses from point to point with constant velocity, 
completing itself at each point practically instantaneously ; each layer of explosive is 
detonated by the temperature and pressure of the next layer within and generates a 
temperature and pressure of its own, which on the one hand maintains the temperature 
and pressure of the next inner layer and on the other hand produces detonation in the 
next outer layer; the front of the detonation wave divides a region of unchanged 
explosive, which no pressure has yet reached, from a region of transformed explosive 
under uniform intense pressure. On this provisional view, the similarity rule 
obviously holds good during detonation and would consequently be valid at all stages. 
It will be seen therefore that it is possible to go a long way towards a complete proof 
of the rule, though not quite all the way. 1t may also be pointed out that very natural 
conclusions result from accepting the rule, such as, that the energy radiated from a 
charge is proportional to the weight of the charge, that the rate of decay of the 
pressure is inversely proportional to the linear dimensions of the charge, &c. 


In dealing with charges of different sizes it is convenient to speak of distances in 
the ratio R as “‘ corresponding distances.” For example, 50 feet from a 300-Jb. charge 
and 25} feet from a 40-lb charge are corresponding distances, since— 
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According to the above theory, when the pressure waves from a big and a small 
charge are compared at corresponding distances the maximum pressure should be the 
same in both cases, but the pressure from the big charge should be R times as 
sustained, that is to say, it takes R times as long in falling to any given fraction of its 
maximum intensity. The whole time-integral of pressure should be R times as great 
for the big charge as for the small one, and the time-integral of pressure of the big 
charge for any period Rt should be R times the time-integral of pressure of the small 
charge for the corresponding period t. In short, the time-pressure curve of the big 
charge should be a copy of that of the small charge with all the abscisse increased in 
the ratio R. 


To put the theory to a satisfactory test it is necessary to make comparisons with 
charges differing very widely in magnitude. Experiments were therefore made with 
charges weighing 40 lbs. and 1,900 lbs., giving a scale ratio R= 3°62. The small 
charges were of 40/60 amatol and the large ones of 50/50 amatol, but these two 
mixtures may be regarded as giving identical effects (see Section 12). With gauges 
at distances of 254 feet and 924 feet, which correspond to 50 feet from a 300-lb. 
charge, results were obtained which are shown in Figs. 13 and 15. It will be seen 
that the maximum pressure from the small charge (*78 ton per square inch) is about 
8 per cent. lower than that from the big charge (*85 ton per square inch), but the 
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greater part of this discrepancy is probably due to the gauges, which tend to under- 
estimate the maximum pressure from a small charge, as explained in Section 19. The 
time taken for the pressure to fall to -2 ton per square inch is ‘60 X 10-*second in 
one case and 1°80 X 10 in the other, giving a ratio 30. which is fairly near the 
scale ratio R = 3°62. The time-integral of pressure of the small charge for a period 
t = 10-*second is 0°30, while that of the big charge for a period Rt = 3°62 x 10-°is 
1:02, giving a ratio 3°4, which is very close to the scale ratio. The results with 
300-lb. charges at 50 feet (Fig. 1) are in equally good agreement with the theory, and 
so are the comparisons between other large and small charges shown in Figs. 12 and 
20, 7 and 17, 1 and 29. The small discrepancies between theory and results may be 
imputed to experimental errors and to differences in the make-up of the charges. 

Putting together the results described in the last three sections, it will be seen 
that when once the time-pressure curve has been determined for a given charge at a 
given distance it is possible to construct the time-pressure curve for a similar charge 
of any size under any conditions of distance and depth. For example, suppose it is 
required to know what effect will be produced at a point 10 feet below the surface 
by the explosion of a 5-ton charge of 50/50 amatol 100 feet below the surface and 
200 feet away horizontally. The curve for a 1,900-lb. charge at a distance of 924 feet 
is shown in Fig. 15; the corresponding distance for a 5-ton charge is 

3 D 
92h x ae = 167 feet, 
and the time-pressure curve for a 5-ton charge at this distance is obtained from 
Fig. 15 by increasing all the abscissw in the ratio 
§/11200 -Q]. 
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the ordinates of this curve are then diminished in the ratio ae giving the time- 


pressure curve of a 5-ton charge at a distance of 219 feet, which is the direct distance 
from the centre of the charge to the point of reference ; finally, since the difference 
between the direct and reflected paths from the charge to the point of reference, by 
the construction shown in Fig. 2, is 9 feet, the pressure is cut off after 1:8 x 10° 
second. The result is shown in Fig. 19. Other examples of predicted pressure curves 
are shown (in broken lines) in Figs. 17, 22, 24, and 29. 

If the effect of the surface is left out of account, the maximum pressure P, the 
time-integral of pressure I, and the energy flux F from a charge of weight W at 
distance D can be expressed in the form— 


~ Wt 
e— Kip 
+ 
I=Ky 
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K,, K,, and K,; being constants depending on the nature of the explosive and its 
container. Neither these formule nor the above method of predicting the time- 
pressure curve can properly be applied in the region near the charge, where the 
pressure exceeds 2 tons per square inch, this region being outside the scope of the 
present investigation. 


(10) Bottom Effects. 


The experiments described in Section 24 show that the pressure wave is reflected 
from a mud bottom with much diminished intensity; the time-integral of the 
reflected pressure is less than half what it would be if complete reflection occurred. 

Another point that was investigated was the effect of firing a charge on the 
bottom, instead of in mid-water. It is natural to expect that a stronger pressure 
wave would be generated ; the difference should be more marked the greater the 
elastic resistance and density of the bottom, both these factors making it relatively 
unyielding to a sudden pressure, with the result that the radiated energy is 
concentrated in the water. In the limit, when the bottom is perfectly unyielding, the 
radiation of energy would be entirely vonfined to the water, and the pressure wave 
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from a hemispherical charge resting on the bottom would obviously be the same as 
that from a spherical charge of the same diameter in mid-water, that is to say, the 
charge on the bottom would give the same effect as a charge twice as heavy with 
water all round it. A hard rock bottom should approximate to this extreme, while 
sand or mud should give a similar but smaller effect. 


Experiments were made by firing three 1,000-lb. T.N.T. charges on a sand 
bottom in 10 fathoms, about 14 miles off Irvine; the pressure wave was measured at 
a distance of 75 feet from the centre of the charge, in a direction making an angle of 
about 60° with the vertical. In the case of shot 78 (Fig. 22) the result approximates 
to the calculated effect of a 2,000-Ib. T.N.T. charge in mid-water ; in shot 75 (Fig. 21) 
the pressure was considerably less, but stil) greatly in excess of the effect of the same 
charge in mid-water (Fig. 20); the third shot gave results intermediate between the 
other two. 

The differences between the results of these three shots fired on the bottom were 
much greater than was ever observed in the case of shots fired in mid-water; this is 
not altogether surprising, seeing that the local configuration of the bottom and 
the depth of sand covering the underlying rock were quite likely different in all three 


cases. 


(11) Effect of surrounding the charge with an Air Chamber. 


Fig. 28 shows the time-pressure curve at a distance of 50 feet from the centre of 
an H 2 mine (a spherical mild steel shell 38 inches in diameter and } inch thick, with 
a charge of 320 lbs. of 40/60 amatol in a central container, as shown in Fig. 46). 
Comparing Fig. 283 with Fig. 1 it will be seen that both the maximum pressure and the 
time-integral of pressure of the air-surrounded charge are slightly less than for the 
naked charge, but the difference in both respects is not much more than 5 per cent. 
This is rather surprising, seeing that the volume of air is nearly four times the volume 
of explosive. 


Some H 2 mines filled with an additional 500 lbs. of 40/60 amatol (as at X 7, 
Fig. 46) gave the result shown in Fig. 29, which is very nearly the same as the 
calculated effect of the same charge in naked form. 


(12) Comparison of different Explosives. 


Figs. 12, 1, and 7 give a comparison between T.N.T. (tri-nitro-toluene), 40/60 
amatol (ammonium nitrate 40, T.N:T. 60) and 80/20 amatol (ammonium nitrate 80, 
T.N.T. 20). Jt will be seen that T.N.T. gives practically the same effect as 40/60 
amatol, except that the maximum pressure is about 5 per cent. lower. Allowing for 
the slight difference in the weight of explosive, 80/20 amatol and T.N.T. give 
practically identical results. A comparison between 300-lb. charges of 40/60 amatol 
and 50/50 amatol showed no difference. 


Figs. 30 and 31 show results obtained with guncotton and ammonium perchlorate 
charges. These results are not directly comparable with Figs. 1, 7 and 12, as the 
charges were made up in very thick walled mines (spherical mild steel shells, 
33 inches in diameter and 3%; to } inch thick). The maximum pressure in both cases, 
but especially for the guncotton charge, is a good deal lower than for amatol ; this 
may be partly due to the thickness of the mine shell. On the other hand it is 
noticeable that the pressure of the ammonium perchlorate charge is very well 
sustained ; the whole time-integral of pressure is decidedly higher than for amatol ; 
with charges of equal weight and similar make-up the difference would be even more 


marked. 
(13) Gunpowder Charges. 


Fig. 32 shows the results obtained with some 500-lbs. charges of E.X.E. powder. 
This is a very slow-burning powder, density 1°8, pressed into hexagonal prisms 
14 inches across the flats and with a central hole about ‘4 inch in diameter. The 
charge was built up of these prisms in layers, and was fired by a central igniter, 
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consisting of a tin containing fine grain powder with a fulminate of mercury 
detonator. The time-pressure curve o: this charge is an interesting contrast to that 
of a high explosive such as amatol. The pressure builds up slowly to a maximum 
which is not much more than 3';th of the maximum pressure given by an equal weight 
of'amatol at the same distance ; on the other hand the pressure lasts much longer ; it 
does not reach its maximum until a time when the pressure from the amatol charge 
would practically have disappeared. 


The surface above the charge showed no sign of breaking at the moment of 
explosion; the usual white dome was entirely absent ; the tension in fact was too 
weak to break the water and the pressure wave was completely reflected. It was 
possible therefore to observe the first stages of the arrival of the burnt gases at the 
surface, which is masked, in the case of high explosives, by the dome of broken water 
thrown up by the pressure wave. ‘The first effect, which appeared at a distinct 
interval after the moment of explosion, was the heaping up of a small mound of green 
water (Fig. 56); this was probably a sort of water-piston pushed up ahead of the 
ascending gas bubble; a moment later the gases burst through, forming plumes not 
unlike those given by a high-explosive charge (Fig. 57). 


(14) Composite Charges. 


Some composite charges were made by lashing together three 30U-lb. charges of 
40/60 amatol. Each 300-lb. charge was a cylinder 28 inches long and 18 inches in 
diameter; the three charges were lashed with their axes horizontal and parallel, so 
as to give a figure of three touching circles in cross-section ; only the top charge was 
primed, the two others being fired by the explosion of the first. The result, shown in 
Fig. 24, approximates very closely to the calculated effect of a single 900-lb. charge. 


(15) Influence of the Shape of the Charge. 


Experiments on this point were made by lashing together three 300-lb. charges 
of 40/60 amatol end-to-end. Hach charge was a cylinder 28 inches long and 
18 inches diameter, so that the composite charge had a length of nearly five diameters. 
Owing to the dished shape of the ends of the charges there was an average distance 
of about 3 inches between the amatol in one charge and the amatol in the next. 
One of the end charges was primed, the other two being fired by the explosion of the 
first. The composite charge was hung horizontally, and pressure measurements were 
taken in three directions, (1) in line with the axis of the charge from the primed end 
towards the unprimed end, (2) in line with the axis of the charge from the unprimed 
end towards the primed end, (3) at right angles to the axis of the charge. All three 
sets of gauges were at the same distance from the centre of the charge. The results 
are shown in Figs. 25, 26, and 27. It will be seen that the pressure is strongest but 
least sustained in the broadside direction, and weakest but most sustained in the 
direction opposite to that in which detonation proceeds. 


These results admit of a simple explanation; in the broadside direction the effects 
of the three charges arrive simultaneously, or nearly so, while in the endwise 
directions they arrive more or less in turn; but there is a difference between the two 
endwise directions, because in the direction in which detonation proceeds the effects 
of the three charges arrive more nearly simultaneously than in the opposite direction, 
the time taken by detonation in travelling from one end of the charge to the other 
being in the first case subtracted from and in the second case added to the time taken 
by the pressure wave in travelling the same distance in water. 


Comparing Figs. 25, 26, 27 with Fig. 24, it appears that the three charges lashed 
end-to-end give on the whole a less powerful effect than when bunched together. It 
is probable that, for general purposes, the best disposition of a given weight of 
explosive is in spherical form, which most nearly enables the effects of all its parts to 
arrive at any given point simultaneously. On the other hand, if a maximum effect is 
desired in a single direction the best shape would probably be a flat disc, the effect of 
which should be greatest in the direction of its axis. 
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(16) Damaging Power of different Pressure Waves. 


For the practical application of the results described in the foregoing sections it 
is necessary to know what it is that determines damage, whether it is simply the 
maximum intensity of the pressure, or the whole time-integral of pressure, or some 
intermediate function such as the energy flux. The best way to investigate this 
question is to determine the relative distances at which big and little charges inflict 
the same damage on a given structure. It has been shown in Section 9 that the 
maximum pressure from a charge is proportional to 

Wi 

—D’ 
W being the weight of explosive and D the distance from the centre of the charge: 
consequently if damage 1s determined simply by the maximum pressure the damaging 


range of a charge will be proportional to W'; the energy flux is proportional to oe 80 


that if damage is determined by energy flux the damaging range will be propor- 
tional to W*: the time-integral of pressure is proportional to 


wi 

Dp’ 
so that if damage is determined by time-integral of pressure the damaging range will 
be proportional to W}. 


During the first half of the experiments a great many observations were made by 

Mr. Robert Royds (on behalf of the Mining School) on the damage sustained by H 4 
mine cases at different distances from various charges ; afterwards these observations 
were extended by the writer to a greater range of charges, and a bottom line was 
used, as described in Section 21, to ensure accuracy of distance. An H 4 mine 
case is a sphere of mild steel 4th inch thick and 31 inches in diameter; it is 
made in two halves. joined by an equatorial weld, and the lower half is fitted with a 
heavy plate carrying the mechanism of the mine. These mine cases, used as damage 
gauges, gave more constant results than had been anticipated ; the central weld was 
the most variable part of the structure, and no great weight was attached to its 
behaviour, The damage varies very rapidly with the distance from the charge; 
there is a critical distance at which moderate damage is inflicted (damage 2 on the 
scale given below) and this distance can be estimated with a fair degree of accuracy, 
because a small change one way or the other gives either heavy damage or no damage 
at all; if 100 represents the distance at which the mine case is just not damaged at 
all, it is only necessary to bring it in to distance 75 or 70 to inflict fairly heavy 
damage (3 or 4 on the scale below). The damage begins with the formation of 
shallow dents, or places where the surface is pushed in and its curvature reversed ; at 
closer range these dents become larger and deeper; finally they overlap each other 
and produce a general crumpling and folding of the mine case, and at this stage the 
metal is often more or less extensively torn ; it should be noted, however, that (apart 
from the weld) the damage never shows any sign of beginning with a crack—when 
the metal is torn it is always as a result of excessive folding. The different degrees 
of damage were measured by the following scale :— 

0. No damage (Fig. 63). 

1. Shallow dents, not more than 1} inches below the original surface. 

2. Large deep dents, say 3 or 4 inches below the original surface. 

3. Very ea overlapping dents, producing crumpling and folding of the 

metal. 
4. Mine case very severely crushed and the metal torn (Fig. 64). 


riments were made with these mine cases at different distances from 40-Ib. 
charges of 40/60 amatol, 300-lb. charges of 40/60 amatol, 1,600-lb. charges of 
30/20 amatol, and 1,900-Ib. charges of 50/50 amatol. The differences in the 
composition of the amatol can be left out of account, for the corresponding differences 
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of pressure are too small to affect the conclusions. The results are recorded in the 
following table :—. 


TaBLeE IV. 
: | (Feet.) 
Ee { — —-+ =~ = 
40 lbs, —- 47 18 18 | ue Ove 
51 18 18 oe 1} (see Be: below) 
| 56 18 18 | - 1} (see ot below) 
. Hs = | 36 1 
65 18 28 a es 
BOOlbsy = 8 34} 344 70 i 
af eke | Ce 
45 20 20 | ue ; 
1,600 Ibs. = - 85 60 60 | Ne see Bigspy) 
86 60 60 | ee 5 
ec tae tian Uo aR 
1,900 lbs. - = 88 64 64 oy | a 
i 6 184s | B 
a. NS aut S| teh achat 
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Vote—In shot 51 the damage to the first mine case was almost entirely along the equatonal weld ; 
in shot 56 the whole damage to the first mine case was along the same weld, which had opened round 


half the circumference of the mive; in both cases, apart from the weld, the damage would have been 
very slight. 


It will be seen that the distance at which a 40-lb. charge just ceases to inflict any 
damage on the mine case is about 30 feet. ‘Taking distances in the ratio of the cube 
root of the weight of explosive, a distance of 126 feet from a 1,600-Ib. charge corre- 
sponds to 37 feet from a 40-lb. charge, so that if the damaging range of a charge is 
proportional to W! the damage should be the same in these two cases; actually, the 
mine case is heavily damaged at 126 feet from a 1,600 lb. charge, while it would 
certainly be quite untouched at 37 feet from a 40-lb. charge. Again, if the damaging 
range is proportional to W', a 1,600-lb. charge at 189 feet should have the same effect 
as a 40-lb. charge at 16 feet ; actually, the big charge at 189 feet causes no damage 
at all, while the damage from a 40-lb. charge at 16 feet would certainly be very heavy. 
It is clear, therefore, that the damaging range is proportional to something between 
W! and W3, and the experiments with 1,9U0-lb. charges show that it is very approxi- 
mately proportional to W'; for it may be inferred from the results in the table that 
a 1,900-lb. charge at 170 or 175 feet would produce the same damage as a 40-lb. 
charge at 26 feet, and on the assumption that the damaging range is proportional to 
W}, a distance of 179 feet from the big charge corresponds to 26 feet from the small 
charge. On the same assumption the same damage should result from a 300-lb. 
charge at 71 feet, which is in good accordance with the observations. 


These results bring out clearly that it is neither maximum pressure nor time- 
integral of pressure that determines this kind of damage, but something inter- 
mediate ; a high maximum pressure is no use if it is not sufficiently sustained to 
deform the structure beyond its power of elastic recovery, and a high time-integral of 


pressure is no use if the pressure is less that the structure is able to resist. The 
O AS 7498 
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results are consistent with the supposition that the damaging power of a pressure 
wave is determined by its energy flux; on this view an H 4 niine, case begins to be 
damaged when the energy flux exceeds about 5 foot-pounds per square inch; but, at 
best, this can only be true approximately and within limits, for it is possible to 
conceive of a very prolonged pressure wave with an energy flux exceeding 5 foot- 
pounds per square inch.but with a maximum pressure much lower than the mine 
could withstand under statical conditions, and such a pressure wave would obviously 
have no effect. It is much more probable that damage is a function of the time- 
integral of the excess of pressure over a fixed value, 


f o-®) a, 
k depending on the strength of the structure ; for example, if k is taken as 0°1 ton per 


square inch, 
[ @-%) ae 


has nearly the same value (about 0°2) for a 40-Ib. charge at 26 feet, for a 300-lb. 
charge at 68 feet, and for a 1,900-lb. charge at 175 feet, which is in good agreement 
with the results in Tablé IV. ; on this view an H. 4 mine case begins to be damaged 


when 
j (p-0"1) dt 


exceeds about 0°16, p being expressed in tons per square inch and t in thousandths 
of a second. 


On general considerations, and quite apart from the above results, it is very 
difficult to suppose that the kind of damage at present in question can be determined 
simply by the maximum intensity of the pressure. A crack, such as is produced by 
a guncotton slab detonated in contact with a steel plate, may take only a few 
millionths of a second to form, but the damage actually inflicted is not of this kind ; 
it is in the nature of deformation, and must take.a relatively considerable time to 
become at all serious ; the pressure on the mine case is only of the order of 1 ton per 
square inch, and the formation of even a shallow dent 1 inch deep must take at: least 
several ten-thousandths of a second, in which time the pressure has fallen very much 
below its maximum intensity ; it is clear, therefore, that the extent of the damage will 
depend very much on the rate at which the pressure falls. It is an instructive fact 
that an H 4 mine case is generally not damaged at all by a 40-]b. amatol charge at 
a distance of 29 feet, though the pressure at this distance (apart from any increase by 
reflection) is 0°7 ton per square inch, which is many times as great as the mine case 
could stand under statical conditions; the only possible explanation is that the 
pressure does not last long enough to deform the structure beyond its power of elastic 
recovery. 


Damage to a hull by a distant charge will probably be governed by much the 
saine considerations as damage to a mine case; deformation will be the primary effect, 
and where the metal is torn or rivets sheared, this will be a secondary effect arising 
out of the other; the rate of decay of pressure will have just the same importance in 
determining the extent of the damage. 


It is very desirable that any experiments that may be made against hulls should 
include (1) a determination of the time-history of the movement of the hull itself at 
the point nearest to the charge, (2) a measurement by gauges of the time-pressure 
curve in the water just outside the hull at the same point. 


Experimental results on the damage sustained by a given structure can be applied 
to similar structures of different dimensions by mezns of a rule first stated by 
Hopkinson. This rule is as follows :—the damage inflicted on a given structure by a 
given charge at a given distance will be reproduced to scale if the linear dimensions 
of the charge and structure and the distance between them are all increased or 
diminished in the same ratio. For example, it is known that a 300-lb. charge of 
amatol at a distance of 70 feet produces dents about 2 inches deep in a spherical mild 
steel shell 31 inches in diameter and 4 inch thick; consequently it may be predicted 
that a 2,400-lb. charge at a distance of 140 feet will produce dents about 4 inches 
deep in a shell 62 inches in diameter and } inch thick. This rule provides a link 
between the effects of a small charge on a small structure and of a big charge on a big 
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structure, but it gives no information as to the relative effects of big and small charges 
on the same structure. If a second rule can be established covering this side of the 
problem, the two together will obviously cover a very wide ground. 


Hopkinson’s rule can be deduced theoretically as an extension of the principle 
described in Section 9. Its validity has been proved experimentally for charges 
differing very widely in ‘magnitude. The rule is obviously of great value in enabling 
full-scale inferences to be drawn from model experiments. ‘ 
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PART II. 


METHODS. 


(17) Gauges for measuring the Time-integral of the Pressure. 


When the development of new gauges was undertaken, it was recognised that the 
ideal to be aimed at was an apparatus that would give the complete time-history of the 
pressure at a given point in the water, but it was diilicult to see any way of arriving 
at this result. Hopkinson’s pressure-bar method (Section 22) did not seem suitable, 
especially under sea conditions, for measuring pressures which it was estimated would 
endure for several thousandths of a second, while on the other hand this period was 
too short to give much hope of success with any form of mechanical chronograph. 
First attempts were therefore limited to the more moderate aim of producing gauges 
that would measure (1) the maximum intensity of the pressure, and (2) the time- 
integral of the pressure, or in other words the duration of the pressure multiplied by 
its average intensity. 

After several failures, which need not be described, a successful time-integral 
gauge was produced in the form ehown in Fig. 34 (Type G). This gauge was designed 
with a view to the greatest possible mechanical simplicity and absence of friction. It 
is based on the principle that the momentum acquired by a body is equal to the time- 
integral of the force that has acted on it. ‘The working part is an easy-fitting steel 
piston, which rests on the rim of a small washer, with its bottom end exposed to the 
water. The top end of the piston carries a smal] copper cylinder, sprung into a thin 
corrugated metal jacket which keeps it centred. The central hole in which the piston 
works communicates with four others which act as an air reservoir. The air chamber 
is necessary both to prevent the piston from being forced up by hydrostatic pressure 
and to reduce the cushioning effect when the piston is driven in (Section 29). 

The pressure set up by an explosion acts on the bottom end of the piston and 
shoots it inwards, and after travelling a distance of 2 inches the piston hammers the 
copper against the eyebolt of the gauge, which acts as an anvil. The energy of the 
piston is absorbed by the copper, which is shortened to an extent determined by 
micronieter measurements. By aid of calibration experiments the momentum of the 
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piston at the moment of impact van be deduced from the shortening of the copper, 
and this gives a measure, in definite units, of the time-integral of the pressure in the 
water. 

Groups of these gauges gave exceedingly uniform results, but the question 
remained whether these results represented the whole time-integral of the pressure, 
because any pressure persisting after the moment of impact would fail to contribute 
to the momentum of the pistons and would be left out of account. It is obvious that 
no general answer is possible on this point, because the gauges might be able to catch 
the whole of the pressure from a given charge at a given distance but not from 
another charge or from the same charge at another distance. The question was 
investigated, for the case of a 30(-lb. amatol charge at a distance of 50 feet, by 
putting down a series of gauges with pistons having different amounts of free travel, 
and it was proved that in this particular case nearly the whole of the pressure was 
taken into account by a 3-inch piston with a 2-inch travel, as in Fig. 34. 

These experiments suggested a method by which similar gauges might be made 
to yield the complete time-history of the pressure. 


(18) Gauges for determining the complete 
Time-pressure Curve. 


Suppose it were possible to measure the velocity of the piston of the gauge 
shown in Fig. 34 at different distances from its starting point: it would clearly be a 
simple matter to reconstruct the history of the pressure from these measurements. 
Take any two successive measurements, velocity v, at distance s,, and velocity v, at 
distance s,; the average velocity during the intervening period may be taken as 
$ (v, + v)—this is not absolutely exact unless v, — », is infinitesimal, but in practice 
the error is altogether negligible ; the time of travel from s, to s, = distance divided 
by velocity 


— 282 — 81) 
V1 + Vy ; e 


the average acceleration during the same period = change of velocity divided by 
time 
— (Y= %) (1 +) , 


2(s, — 3,) 


and the pressure in the water = the acceleration of the piston multiplied by its mass 
and divided by its cross-sectional area 


—. M(vs — v1) (v1 + %) 
DAG(G;)—161) a 


Calculating all the measurements in this way, the result can be drawn diagrammati- 
cally as a series of rectangular steps, each representing a certain average pressure 
lasting a certain time, and a smooth curve drawn through all the steps in such a way 
as to leave out as much space as it takes in represents the reconstructed time-history 
of the pressure. 

In practice it is hardly possible to measure the velocity of a single piston at 
different stages of its travel, but a practical alternative which gives exactly the same 
information is to use a series of gauges with similar pistons having different amounts 
of free travel, the velocity of each piston at the end of its travel being measured by 
the effect of its impact on a copper, as in Fig. 34. When it came to designing a 
serics of gauges for this purpose it was found convenient to use eomparatively long 
pistons in the gauges with the largest amount of free travel and short pistons in the 
gauges with least free travel. The difference in the mass of the pistons causes no 
difficulty ; if a piston of mass M has a velocity V after travelling a distance S, a piston 
of unit mass acted on by the same pressure would have a velocity MV after travelling 
a distance MS; the results obtained with a series of pistons of unequal mass can 
therefore be translated to the basis of a series of pistons all of unit mass. 

The gauges (types GX, GY, GZ, GA, and GB) which were designed for trying 
this method are illustrated in Figs. 35 and 36. ‘They differ from the G gauge 
principally in being in nested form, the GX, GY, and GZ gauges taking six pistons 
each and the GA and GB gauges three. ‘The only other difference worth noting is the 
annular form of the air chamber. Each of the five types of gauge takes two sizes of 
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piston, making a total of ten steps in the time scale; one extreme is a piston # inch 
long with a free travel of sj inch, the other extreme is a 6}inch piston with a 4-inch 
travel. Each gauge is filled with pistons of one size only, so that ten gauges must be 
put down to get a complete time-pressure curve. The six or three coppers in each 
gauge are merely to check one another, the average shortening of the coppers in each 
gauge being taken as the basis of calculation. 

While these gauges were being made, the coppers were carefully calibrated by 
attacking them with pistons of known mass and velocity, both these factors being 
varied over a wide range. These experiments, which are described in Appendix II., 
proved that the shortening of the copper is entirely a function of energy ; two pistons 
with the same kinetic energy produce exactly the same shortening, though one may be 
many times heavier than the other. The relation between shortening and energy, 
shown in a table in Appendix IL, is the basis on which all the gauge results were 
calculated. The coppers in these calibration experiments behaved with great. 
uniformity, an observation that was borne out by the whole of the subsequent sea 
trials, in which many thousands of them were expended. 

When the gauges were tried they at once gave successful results, which can best 
be illustrated by quoting the complete figures of an actual experiment. ‘This will also 
serve to explain the way in. which the calculations are made, including various 
corrections which it has been convenient to leave out of sight in describing the simple 
theory of the method. The charge consisted of 300 Ibs. of 40/60 amatol (Shot 4) at a 
depth of 34}-feet below the surface, and the gauges were hung in a vertical line, 1 foot 
apart, at a horizontal distance of 50 feet, the middle gauges being at the same depth 
as the charge. Referring to Table V., L represents the length, S the nominal free travel, 
and M the mass of the ten sizes of piston. The mass M includes not only the steel 
piston but also the copper, and the water which follows the piston into its bore up to 
the moment of impact, since these contribute their share to the inertia and energy of 
the moving system. Another point which has to be taken into account is the 
downward impulse which the pressure communicates to the whole gauge. __ It is clear 
that the body of the gauge is acted on by a force equal and opposite to that which 
propels the group of pistons, and that at each moment it has an acceleration, velocity, 


‘ ees : 3 ; 
and displacement — times that of the pistons, x being the ratio of the mass of the body 
of the gauge to-that of the group of pistons. The momentum of the gauge is equal to 
that of the pistons, but its kinetic energy is less in the ratio zy «CA the moment of 


impact the momentum on both sides is cancelled, and the energy on both sides is 
absorbed by the coppers. The energy contributed by the pistons is therefore less than 


the total kinetic energy in the ratio on The real travel S’ of the pistons up to the 


moment of impact is less than the nominal travel S in the same ratio. The equivalent 
travel of a l-oz. piston, that is to say, the distance a l-oz. piston would be moved 
if acted on by the same pressure up to the same moment, is s = MS’. 

Thus far the figures in the table are merely characteristic of the gauges, and 
would be the same for any experiment; the figures which follow are special to this 
particular shot. 


A represents the shortening of the coppers and F the corresponding enerpy, 
ascertained from the calibration table. The energy which a copper registers is 
principally kinetic, but not entirely, because the pressure existing in the water at 
the moment of impact does a certain amount of work on the copper while the latter 
is being shortened. The work done in this way ia equal to the pressure multiplied 
by the cross-sectional area of the piston multiplied by the shortening of the copper, 
= °036 p A foot-pounds, if p is expressed in tons per square inch. ‘Io apply this 
correction it is necessary to guess the pressure p; if the event shows that the guess 
was a bad one it may be necessary to repeat the calculation to a second approximation, 
but it is generally possible to make a good enough guess by comparing the figures 
for 4 with cases previously worked out. The remaihing energy, E’ = E — ‘036 p 4, 

, 
is from kinetic sources, and the part derived from the piston is gy = SF 
Knowing the mass M and the kinetic energy FE’ of the piston it is a simple matter 
to calculate its velocity V at the moment of impact, and the equivalent velocity of 
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a l-oz. piston, that is to say, the velocity it would have if acted on by the same 
pressure up to the same moment, is v= MV. ‘Lhe results are now in the form 
postulated in the first paragraph of this section, expressing the velocities v that a 
1-oz. piston would have acquired at distances s from its starting point, and the rest 
of the calculation is quite straightforward. 

The result is shown graphically in Fig. 33 as a series of rectangular steps 
through which a curve has been drawn in such a way as to leave out as much as it 
takes in. It will be seen that the steps form a very regular series (as they do also in 
the numerous diagrams illustrating Part I. of this report), and that, they provide a 
thoroughly definite basis for the greater part of the curve representing the decay ot 
pressure. On the other hand, it is clear that the steps in Fig. 33 do not give any 
positive indication of the form of the pressure curve during the first two ten- 
thousandths of a second, when the pressure isa maximum. ‘This part of the curve 
might have been drawn, without inconsistency, in quite a different way from that 
shown; for example it might have been drawn as indicated by the dotted lines. The 
determination of this part of the curve was effected by gauges of a rather different 
type, which are dealt with in the next section. 

It may be pointed out that it is not always necessary or desirable to make use of 
all the 10 sizes of piston shown at the top of Table V. The GB gauges, with the 
83-inch and 6}-inch pistons, were generally omitted, being unnecessary except in 
the case of very big charges, and experience also showed that nothing was lost in 
most cases by omitting the 43-inch piston. 

For comparison with Table V., the results of a number of other shots, all giving 
time-pressure curves of quite different character, are shown in a condensed form in 


Table VI. 


Ig — 85 
‘qour ownbs sod suoy, | 90. ¢80- ST. 0g: le: OF- 1S. 19: Cae = 
. ss 6h-F 69-2 g9-1 80-1 GOL: ag. ele. 988- = =) geo ae cee 

fa+ia 
“puooes 8 Jo syspuvsnogy, | 08-1 50-1 Lg. cle. obs. SL- SI. Gas. 2 pr, A 
‘soyouy | 990-€ S1¥-1 | 600L- 6FGE- 9908 - 1960: ZOL0- £650: ee Meer os 
: < 0-¥% 0-08 £-61 1-F1 T-L1 B-€1 6-91 LST to ers ie se ee 
“puooas sad yaaq 182 £46 50% ILI 6el | 601 6L fot su | te et ae 8 Hoa Ho 

—A~— | ——— | --—- * | —— * | H— * SS I HO | 

“puooas sad 400q = =a L-cot | 2-181 L111 9-26 +91 Z-19 0-8F Peles eee Os eee 
oS = = 09-1 re 16:9 88-€ 99-4 99-3 GL-% eae See Fa = oh 
2 = = $6-L | IF e-L 02-F a6. ZL-G 18-2 ici JS PUT HC nl 
= “spunod-300,] = = L0- 60- 6I- aa. ¥E- ¥E- GF. Le- SE SF UU 
a *qour easnbs sad suoy, — — #0- LO- Il- 8I- ¥2- ee. Gt cc. - - - - - - d 
“spunod-400,4 = = Z0-8 0S-F FS-L aP-F 92-¢ 90-€ ae-£ 6ialails See So eS eae 
"youl uy Jo stypaBstog y, x = 1-08 6-SE 8-8F G.9E F-68 9-82 0-08 FRI oS 2 
. 1G-8% FZ-11 | 116-9 968-2 1vF-1 | LOFL- SIF. | 9802- GZlI- £2F0- = = = ace SNe 
"soyouy | O9L-€ 188-1 016-1 | osoL- F228 - 89FE- 6FZE- | -G9FI- O81 - 8LF0- eet: ae ae 
—= ¥6- 266+ Sg6- ¥6- ¥6- 926. S46. ¥6- 96- 996. Ae = 
‘soounQ | R1-9 01-8 60-£ 60-F ZoL-1 FRI-Z 812-1 | 12F-I S18. 988: et ae ae aa eae coal) | 
zs 7 fl td E t g tt at ste SS ode eT he Cae. 2 
‘seqoay | f9 Es € HF #1 ¥% cat raat tt t Se erie ee 

—= FAUT) oh GL AFD) all SAP) | Toi) || SAE GEC) [BACs | tases) I) Ss:era) ‘odnes) 


108 
> 
re 
= 


BE 109 


Tasie VI. 
300-lb. Charge of 40/60 Amatol on Surface ; Gauges 5U feet away. (See Fig. 6.) 


GY 2. GZ1. GZ2. 
Ug 
64 16°8 23-4 19°5 19-2 12°3) | 9:4 
| 
40-2 46° 44-8 40:3 30:4 
585, “96 1-60 3-25 
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267-1b. Charge of 80/20 Amatol ; Gauges 50 feet away and near the Surface. (See Fig. 9.) 


Shot. Gauge. Giexcul. Gayl: GY 2. GZ. GZ 2. | GA}. 
= i ly ly | 2k 18 4} 
28 A 17°7 26:5 32-9 | 23-9 26:5 14°5 
= v 30:8 57°7 69°5 |} 68-0 67:6 63-6 
= t | 23 545 815 ; 1-21 2-07 3-87 

SS SS Ss 
= P “60 | “3 “195 | —-017 —-002 | - -010 


1,000-lb. Charge of T.N.T. ; Gauges 250 feet away. (See Fig. 23.) 


1 1 
| 
Shot. | Gay, |) Sib | Exe | Gree | G Ze, ||| Giz2n eG Avie erGaAy 
| 
I | 
' | 
= | L 3 iE al] eee 24 1g 4} 3 
55 A 7-6 12-0 | 16-6 15°5 20-0 10-2 0-7 
= 4 17°6 32-0 39°3 47-4 53:7 48-8 = 
ee t -40 “96 | 1-44 2-07 3-23 554 1 — 
= p 195] -115 | -067 “058 -024 —-010 
300-Ib. Charge of T.N.T. ; Gauges 50 feet away. (See Fig. 12.) 
Shot. | Gauge. | Gpxals | Gaye GY2. Gezate Grant | GA2. 
"a paket ew tone 
= | 1 FY ea 1,% 23 4} 3 
ll | A 17-7 26-2 35°3 33-9 33-1 47-2 
17 | 9a 17°34 36°3 34:3 34:8 47°5 
i if 
25 A 18-3 27-8 36-0 34:1 35°3 49-0 
Average A 178 | O71 35-9 34-1 34:4 47-9 
ft v 30°5 | 58-4 74-1 88-0 121-8 141-2 
a= t 23 | “54 80 1-14 2-86 4°79 
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1,900-1b. Charge of 50/50 Amatol ; Gauges 46} feet away. (See Fig. 14.) 


Shot. Gauge. GX 2. | GY 2. | GZ2. | GA2. GBl. 
oa L BH 15 1g 3 83 
88 A 68°8 99-5 128-6 147-4 106-6 
90 A 69°7 100-1 133-7 150-2 107-3 

Average 4 69°2 99-8 131°1 146°8 106-9 
_ v 86°3 158-3 244°6 875-2 450°8 
= t 22 425 “85 2-05 3-18 


1,900-lb. Charge of 50/50 Amatol ; Gauges 924 feet away. (See Fig. 15.) 


Shot. | Gauge. GX 4. | GY 3. | G Z3. GA3. | GA4. | GB2. 
ae L j 1n 2h 4} o) “NW cae 
88 A 23°4 37-5 51:4 55°5 80:0 | 51°7 
90 A 23-0 38°7 52-6 54°5 CUT 51:7 

Average A 23-2 38°] 52-0 55°0 78°8 51°7 
= v 86:1 75°3 124-4 185-8 222-0 251°9 
_— t 195 445 #9 2°03 3°28 5°15 
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1,900-1b. Charge of 50/50 Amatol ; Gauges 185 feet away. (See Fig. 16.) 


Shot. | Gauge. Gxe. GY6. GZé6 ' GAS. | GA6. 
= L H Iss lf 4} 3 
88 A 20:8 29-5 38°5 29-8 37-4 
90 A 20-9 28-1 36-5 27-4 36-9 

Average A 20°8 28-8 37°5 28°6 37-1 
= v 36-2 60-5 89-6 108-8 120-1 
= t “52 1-04 2-18 3-37 5°59 
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(19) Gauges for measuring the Maximum Pressure. 


It is necessary to supplement the gauges described in the last section by others 
capable of measuring the maximum intensity of the pressure. What is wanted for this 
purpose is a gauge that will operate in the smallest possible time. If the gauye is to be 
of the same general type as those already described, that is to say, with a steel piston 
acting on a copper crusher, the obvious line of development is to reduce as much as 
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possible the weight of the piston and the extent of its movement. In the limit the 
piston becomes a flat plate held close up against the copper, so that the only 
movement is that which takes place during the actual crushing of the copper. The 
theory of this type of gauge requires separate consideration. 

Let A be the area of the plate exposed to the pressure in the water, r the 
resistance of the copper when the plate has been moved inwards a distance s, A the 
amount by which the copper is finally shortened, E the corresponding quantity of 
energy, as shown in the calibration table, and R the resistance of the copper when 
s = A. ‘The energy registered by the copper is equal to the work done by the 
pressure in moving the plate— 


E = | rds = A | pads. 


here are tivo cases to consider (compare Sarrau and Vieille, Comptes Rendus, 1882) ; 
suppose in the first place that the pressure rises so gradually to its maximum intensity 
P that the gauge is able to keep step with it, the resistance of the copper at each 
instant being equal to the pressure on the plate ; in this case obviously-— 

See et 

Pes = 

A 

The other extreme case is when the pressure rises instantaneously to its maximum 
intensity P and remains constant until the gauge has come to rest; in this case— 


[ pas AG 

so that— 
sdk Sasa 
Fae 


if P is expressed in tons per square inch, E in foot-pounds, A in square inches, and 
A in thousandths of an inch— 


ioe 
PES s+ 2 ho eee 


In the pressure wave from a submerged high-explosive charge the conditions 
approximate much more closely to the second of these two cases than to the first ; the 
pressure rises to its maximum intensity almost instantaneously, certainly in a time 
smaller than the time-constant of any gauge that it has been possible to construct; it 
does not however remain constant but rapidly commences to fall. In this case— 


[pds 


is approximately equal to P’A, P’ being the average pressure during the time of 
operation of the gauge; consequently equation (1) can be used, substituting P’ for P. 

The remaining part of the problem is to determine the time-constant T of the 
gauge, that is to say, the time during which the plate is in motion when subjected to 
a steady pressure. This depends on the inertia of the system, which is seated not 
only in the plate but also to some extent in the copper; it is easily shown that the 
mass of the plate must be added to one-third of the mass of the copper to get the 
total effective mass M. The equation of movement is— 


ds 2 
M 2 + r= pA. 


It is shown in Section 28 that for moderate crushings r = (approximately) r, + ks, 
where +, = 400 lbs. and k = 62 lbs. per 10° inch. Consequently— 


Assuming that the pressure is constant the solution is— 


k 
= io eee 
3s = 3A(1 cos »/* . t) 
The movement therefore ceases when— 
M 
k ’ 


t=T7 
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which represents the time-constant T of the gauge. Expressing T in thousandths of 
a second and M in ounces— 
T= °16,/M . (2) 


The gauge therefore has a time-constant which depends on the inertia of the moving 
parts, but is independent, of the extent to which the copper is crushed. 

It is desirable to examine to what extent the time-constant is affected by the fact 
that the pressure in the water falls off instead of remaining constant, as assumed 
above. Suppose that the pressure decays linearly from its initial intensity, falling 
to P (1 — j) during the nominal period T of the gauge. Then-— 

_ dts it 
Mae tt + ke = PA (I — aos 
The solution is— 

s = a+ bsinct — acos ct — bet 


where— 
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The movement ceases when— 
cos ct + - Scheele 


This moment is always earlier than the nominal period—- 
7 


? 


c 
the difference being determined by the factor— 

pie RAs 

Di i. PAR 
The ratio of the actual period T’ to the nominal period T for different values of this 
factor is as follows— 


eRe = Se atio: # Gs, 
a= 1 °935 875. 


For example, if the pressure falls 21 per cent. in the nominal period of the gauge, so 
that— 


B= 45, 


] 4 
and if the initial pressure is PA = 1,200 lbs. = 3 r, (which implies that 4 = about 
20 x 107% inch) the actual period of the gauge is 64 per cent. less than the nominal 
period. To take a second case, if the pressure falls 314 per cent. in time T, so that— 


7 — 10, 
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and if PA = 800 lbs. = 2 r, (which implies that A = about 10 x 10~° inch) the 
difference between the nominal and actual periods is 12$ per cent. Roughly 
speaking, therefore, it may be said that a gauge of this type will have an actual 
period falling short of its nominal period by not more than about 10 per cent., provided 
the period is such that the pressure does not fall more than about 30 per cent. during 
the operation of the gauge, and provided the copper is crushed -not less than 
10 x 10-* inch. 

The form in which this type of gauge was finally embodied is shown in Fig. 37 
(type GF). There are two plates in each gauge, and each plate is clamped by a 
central screw against a tripod of coppers. The mass of each plate is “96 ounce and 
of each copper °20 ounce, so that the total effective mass associated with each copper 
is M =-°39 ounce. The time-constant of the gauge is therefore, by formula (2), 
T = 10-*second. The pressure registered by each tripod of coppers is found by 
means of formula (1), E being the sum of the energies recorded by the three coppers, 
A the average shortening of the three coppers, and A the area of the plate not covered 
by the screw-head. At the same time a parallel form of gauge (type GH) was used, 
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which differed from type GF only in having plates 3 inch thick instead of 4 inch, and 
with a time-constant therefore twice as great, T= 2 x 10°*. 

These gauges gave remarkably consistent results; the difference between the 
pressures recorded by the two tripods in each gauge averaged only 2 per cent., and in 
only one or two cases exceeded 5 per cent. 

The GF and GH gauges are suitable for pressures from *6 ton per square inch 
(A= 10 x 10-8inch) to 1°8 ton per square inch (A= 61 ¥ 107° inch). In the few 
instances in which higher pressures were measured a modified form of gauge (type GJ) 
was used, with a plate 3 inch thick operating on a ring of 9 coppers. This gauge, 
which has a time-constant T = 10~* second, is suitable for pressures from 1°8 ton per 
square inch (A = 10 x 107° inch) to 5°4 ton per square inch (A = 61 x 10~* inch). 

The results from the GF and GH gauges proved that a time-constant of 
10-* second is small enough to give the true maximum pressure, provided the charge 
is not too small. (This was very fortunate, as it would have been impossible to 
design a gauge of the same type, that is to say, using the same coppers, with a time- 
constant substantially smaller). The proof rests on a comparison of the results 
obtained with very big charges. Taking the average of 3 shots of 1,600 lbs. 80/20 
amatol the ratio of the pressures recorded by the GF and GH gauges was 100 : 99°1, 
and taking the average of 3 shots of 1,900 Ibs. 50/50 amatol the ratio was 100: 100°1, 
that is to say, the pressure recorded by a gauge with a time-constant of 10~* second 
was the same, within the limits of error of the gauge, as the pressure recorded hy a 
gauge with a time-constant of 2 x 10~* second. The pressure therefore cannot have 
fallen more than a very small fraction during the first two ten-thousandths of a 
second. Taking the average of 11 shots of 300 lbs. 40/60 amatol the ratio of the 
pressures recorded by the GF and GH gauges was 100 : 94°6 ; and taking the average 
of 8 shots of 40 lbs. 40/60 amatol the ratio was 100:91°1. These figures illustrate 
the more rapid decline of the pressure from a small charge. Since the pressure from 
a 1,600-lb. charge does not fall appreciably in 2 x 10~* second it may be concluded, 
from the considerations set out in Section 9, that the pressure from a 2U0-lb. charge 
falls equally little in half the time, z.e., in 10-* second ; consequently a gauge with a 
time-constant of 10-* second may be assumed to be rapid enough for the correct 
determination of the maximum pressure from a charge of 200 Ibs. or over. On the 
other hand, since a gauge with a time-constant of 2 x 10~* second underestimates the 
maximum pressure from a 300-lb. charge by 5 or 6 per cent., it may be concluded 
that a gauge with a time-constant of 10~* second will underestimate the pressure from 
a 40-lb. charge by about the same amount. 


The gauges with free pistons described in the previous section differ from those 
dealt with in the present section in having no definite time-constant ; the time from 
the first onset of pressure to the striking of the copper depends un the intensity of 
the pressure. It is possible, however, in certain cases to compare the results given by 
the two types of gauge, and it is always found that the pressure registered by the 
free-piston gauge is from 10 to 15 per cent. lower than the pressure registered by the 
other type of gauge. For example, at a distance of 924 feet from a 1,900-lb. charge 
of 50/50 amatol a GX gauge with a $-inch piston registers a pressure of *82 ton per 
square inch, the time of operation of the gauge being 1°95 xX 10‘ second (Table VI.). 
Under the same conditions a GH gauge, with a time-constant of 2 x 10-‘*second, 
registers *95 ton per square inch. Similarly, at 50 feet from a 300-lb. charge of 
40/60 amatol a GX gauge with a }-inch piston registers ‘75 ton per square inch, the 
time of operation being 2°2 xX 10~* second, while a GH gauge registers ‘34 ton per 
square inch. It is hardly surprising that there should be a small systematic 
difference between the results of the two kinds of gauge, but the discrepancy gives 
rise to a difficulty in drawing the time-pressure curve. If this curve is started from 
a maximum pressure corresponding to the indications of the GF gauge it is impossible 
to make the curve fall evenly through the rectangular steps calculated from the GX, 
GY, &c., gauges except by representing the initial decline of the pressure to be much 
more rapid than can be reconciled with the results described in the preceding para- 
graph. Some sort of accommodation had to be made, and it was decided to reduce 
the indications of the GF gauges in every case by 10 percent. It should be under- 
stood therefore that wherever the ‘“‘ maximum pressure”’ is quoted in Part I. of this 
report. or in the diagrams illustrating it, the expression denotes the pressure recorded 
by a GF (or GJ) gauge minus 10 per cent. 

The methods that have been described are not capable of determining the form 
of the rising part of the pressure curve; it can only be inferred that the pressure 
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takes no more than a few hundred-thousandths of a second to reach its maximum. 
In the time-pressure diagrams tlie pressure has heen represented as rising to its 
maximum instantaneously ; in the absence of fuller knowledge this seems a reasonable 
supposition, for the pressure in the exploded charge is no doubt greater immediately 
after detonation than at any subsequent moment, and the part of the wave in which 
the pressure is greatest may be expected to travel fastest (Section 23) and to remain 
in front. It should be pointed out, however, that the mathematical theory of an 
intense pressure wave with a vertical front has not proved soluble up to the present. 
(Rayleigh, ‘‘ Theory of Sound,” § 251.) 

It will be recognised that the crusher gauge commonly used for measuring the 
pressure developed in ordnance by the propellant belongs to the type discussed in 
this section. A similar gauge with lead cylinders (Eley’s lead crushers) in place of 
coppers is employed for measuring the lower pressures developed in shot-guns, and 
was used by Abbot and Schuyler for their investigations on explosion pressures in 
water. It is impossible, however, with lead crushers to get nearly so small a time- 
constant as with coppers. As shown in Section 28, the value of k for Eley’s lead 
crushers is about 5°6 lbs. per 10~* inch, compared with k = 62 for the coppers used 
in the present experiments, so that the time-constant of a gauge "sing these leads is— 


T = '534/M (in thousandths of a second), 


that is to say, with pistons of equal mass the time-constant for leads is more than 
three times that for coppers. ‘The pistons used by Abbot appear also to have been 
much more massive than was necessary, and although Abbot’s description of his 
gauges is very incomplete it may be gathered that they had time-constants ranging 
from 4 x 1U-* to 8 x 10~*; they were therefore far too sluggish to give anything 
like correct indications of the maximum pressure; the more transient pressures from 
small charges would be relatively under-estimated compared with the more sustained 
pressures from hig charges. Moreover, the gauges for measuring low pressures had 
larger pistons and a higher time-constant than those for measuring high pressures, 
with the result that low pressures were relatively underestimated. ‘These considera- 
tions are probably suthcient to account for the fact that Abbot found the pressure to 
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vary, roughly speaking, as pre? while the present investigation shows that the 
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maximum pressure varies as >> (Section 9). 


(20) Gauges for Empirical Comparisons of Pressure 
(Plasticine Gauges). 


The simple gauge shown in Fig. 38 was designed for certain auxiliary purposes 
which required only an empirical measurement of the pressure, especially for investi- 
gating the symmetry of the pressure wave in different directions round the charge. 
The working element is a cup of plasticine, exposed at one face to the pressure in 
the water, which squeezes part of the plasticine through a narrow neck into an 
air-chamber forming the body of the gauge. The extruded plasticine is cut off and 
weighed. 

Very consistent results are obtained from groups of these gauges if they are 
carefully prepared, the variability being only about 2 per cent. The batch of 
plasticine is thoroughly mixed by repeated rolling and folding. Jn filling the cups 
special care is taken to avoid including any air. Each cup, with the plasticine 
heaped up a little, is clamped in a vice, the plasticine is hammered until a length 
of one or two inches has been extruded through the neck, and the superfluous 
plasticine at top and bottom of the cup is shaved away flush. After an experiment 
the exposed face of the plasticine is scraped clean and heaped up with some more 
plasticine from the same hatch, which is hammered through as before, and the gauge 
is ready for use again. 

A comparison of the results given by these gauges under widely varying 
conditions leads to the conclusion that the weight of extruded plasticine is pro- 
portional to the time-integral of the pressure as long as the pressure exceeds about 
-30 ton per square inch, but that when the pressure falls below this value it is unable 
to overcome the static resistance of the plasticine. Figures supporting this con- 
clusion are shown in the following table. The time-integral of pressure I(p> 30) 
is calculated in each case from the time-pressure curve indicated in the next column, 
or from a curve derived from this curve by diminishing all the ordinates in pro- 
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portion to the distance D. The table is divided into two groups of shots, fired in 
October and January respectively. The ratio shown in the last column is fairly 
constant in each group, considering the wide range which the results cover, but is 
higher for the Uctobey shots than for those fired in the winter month. The results 
of shot 66 are of special interest, and strongly support the suggested theory of the 
action of the gauges. 


TasLe VII. 
d, = depth of charge (feet). 
d, = depth of gauges (feet). 
D = distance from charge to gauges (feet). 
q = weight of extruded plasticine (grams). 
Charge. Shot. d,. | ds. D. I(p>0°3). Fig. q: iGo 
i | | 
October. | | 
267 hs. 80/20 Amatol — - 27 | 344 30 50 265 | 7 “$8 3°32 
” ” ” : STC OA 54; +50 265 10 “86 3°24 
akg an SUiaer 228 HUE Srl vino) | ara a Ty “85 4-9] 
1,000 Ibs. T.N.T.  - = - | 32 Sltheee On| 120) y =235059)) 20 73 en 
” ” oe) Ace Aes ator Sid On ZO ees235 20 72 3°06 
” ” at Pom ye lene 51k = 40 Tee We G8} 20 1-54 2-92 
40 Ibs. 40/60 Amatol - -| 34 18 12 264 160") 3 52 3°25 
ee st at Sy) hs 18 12 265 “160 13 50 3°12 
| | 
January. | | 
(OOO issstaNelo ee == = |) 20 514| 40 Tl. We 05% 20 1-19 3-25 
% 5 Seles Fay 59h re ola" 0 75 “53 20 1-10 2-08 
40 Ibs, 40/60 Amatol eeet|| 56 EI Oh BN “115 Ney. || oF 2-35 
ets eo as So Sys 18 | 21 25 “170 13 “34 2-00 
300 Ibs. 40/60 Amatol =e |) ctl 166 34 744] 40 “442 1 ois | Bose! 
Sagat ull = EH 266 34h' 945) 60 RBS | 1 SFB al © 2815) 
cs = S - - | 66 344; 1145) 80 -120 l 203 2-19 
Jie Te bm 35 - 66 345 1345 100 060 l SINS || Tee 
of a gy =} en 66 345 1545 120 “032 1 O72 | 2°25 


For the purpose of the symmetry test for which these gauges were principally 
designed it is not very important to know what they actually measure, but it is 
necessary to take account of the fact that the results do not vary in simple inverse 
proportion to the distance from the charge, as they would (approximately) with a 
gauge which measured either the maximum pressure or the whole time-integral of 
the pressure. The symmetry tests (Section 5) were carried out in nearly all cases 
with the plasticine gauges at a distance of 50 feet from a 30U-Ib. charge and at 
corresponding distances from charges of different size, and under these conditions 
a difference of 10 per cent. in the plasticine measurements represents a difference 
of only 7 per cent. in the whole time-integral of pressure. The results recorded in 
Table II. were therefore corrected in this ratio. For example, in the case of Shot 37 
the two groups of plasticine gauges at opposite sides of the charge gave results 
in the ratio 100:107; this was corrected to 100: 105, which represents the ratio 
of the distances at which the two groups of gauges would have given equal results. 

It is of interest to note that plasticine gauges hung a few feet below the surface 
of the water give evidence of the abrupt cessation of the pressure due to the reflected 
tension wave (Figs. 8, 9, and 10), the extruded plasticine being torn by its own 
momentum right out of the neck of the gauge, like a plant pulled up by the root. 
When the gauges are at a somewhat greater depth the stalk of plasticine is generally 
broken off a little outside of the neck, and at still greater depths the stalk remains 
entire. 


(21) Methods of laying out the Charge and Gauges 
in the Water. 


The method adopted in all but a few cases was to hang the charge and gauges 
from floats lashed to a grass hawser at measured intervals. The “ Malapert”’ being 
laid with the wind on her starboard quarter the gear was paid out on that side and 
dropped astern with the drift of the vessel. When the inboard end of the grass was 
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mace fast the drift was sufficient to keep everything taut and in line, except on flat 
cal days, when a touch of the screw was needed. After the first few shots it was 
found that in even moderate breezes the drift was sufficient to draw the gauge lines 
somewhat out of the vertical, with the result that the distances from charge to gauges 
became inaccurate ; this was remedied by introducing a light hemp bottom-line at a 
level just above the charge. The general arrangement will be seen from the example 
shown in lig 40. A diagram of this sort was made out for each shot, for record and 
for the guidance of the working party. It is obviously not to scale, but all distances 
are shown by figures; for example, the first gauge line is 91} feet beyond the charge, 
and carries two gauges GF38, GH1 at depths of 53 feet and 54 feet. Beyond the four 
gauge lines are two II lV. mine cases, serving as damage gauges ; these also are 
correctly distanced by the bottom-line. 

The floats are not shown in the diagram. Fishermen’s buffs proved to be the 
most convenient floats for supporting the gauge lines, but the charge was generally 
ling from a cask; heavy charges were hung from an empty Mark III. mine case, or, 
when necessary, from a pair of these cases. The gauges were shackled by their 
evebolts to grommets in the gauge lines (Fig. 55), which were 14-inch steel wires. 
The gauges were usually hung one foot apart and as nearly as possible at the same 
level as the charee. The bottom-line also was shackled to a grommet on each gauge 
line, but its attachment to the charge line was by means of a shackle embracing the 
charge line in such a way that the charge could spin without twisting up the bottom- 
line, The charge was generally hung by a 1}-inch steel wire but was lowered by a 
separate hemp line; after the charge was lowered the hemp line was left hanging 
slack, with its end hent on to the grass about 20 feet from the charge line, to provide 
for the recovery of the charge in case of missfire; a similar line was attached to the 
sinker of each of the H 1V. mines; these ropes, as well as the firing-circuit, are 
omitted from the diagram for the sake of clearness. The “ Malapert’’ was generally 


300 feet from the charge, but this distance was increased for charges of more than 
300 Ibs. 


The arrangement illustrated in Fig. 40 is typical of the great majority of the 
shots fired, though many of them were much simpler; frequently there were only two 
gauge lines at equal distances on opposite sides of the charge. On some occasions 
gauges were hung directly beneath the charge, as in Fig. 43. The experiments with 
long charges, described in Section 15, required special provision for keeping the axis 
of the charge parallel to the grass hawser; this was effected by a bifilar suspension, 
as shown in. Fig 41, the suspension wires being bent on to the ends of a 12-foot 
plank, lashed to the grass, with a barrel at each end. Gauge lines were hung from 
the grass on both sides of the charge, with bottom-lines secured to the ends of the 
charge, and a third gauge line was hung from a transverse surface line, consisting 
of a light hemp rope with small floats, which was kept at right angles to the grass by 
the ship’s dinghy, the bottom-line from this gauge line being secured to the middle 
of the charge. 


The experiments in which charges were fired on the bottom (Section 10) required 
au entirely different scheme. The arrangement is shown in Fig. 42 The gauges 
were threaded by their eyebolts on a copper tube and lashed in position about one 
foot apart. A steel wire was rove through the tube and bent on to the erds of a 
plank, the length of wire being such as to support the tube ai a distance of JO feet 
from the plank. The middle of the plank was lashed to the grass hawser, with 
bridles to its ends to keep it square. The charge, consisting of 1,000 Ibs. T.N.T., 
was lowered to the bottom in 10 fathoms by a hemp line, with marks at 75 feet and 
105 feet from the centre of the charge. As soon as the charge reached bottom the 
hemp was made fast, so as to anchor the ship, while the two marks were lashed to 
the middle of the gauge tube and plank respectively. The gear was then let go and 
the ‘‘ Malapert” allowed to drift until 450 feet of grass had been veered, when the 
hawser was made fast. The firing of the charge was delayed until two fishermen’s 
buffs on the ends of the plank were observed to show signs of submerging, owing to 
the strain put on the grass hawser by the vessel’s drift ; by this means it was ensured 
that the system was thoroughly taut and the distance of the gauges correct at the 
moment of firing. 


The plank and cross-bar device described in the previous paragraph was also 
used in some of the experiments described in Section 8, when a line of gauges had to 
be supported at a depth of only a few feet below the surface. 
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The foregoing brief description gives no account of the difficulty of handling 
so much gear with the restricted facilities of a small drifter. Plenty of opportunities 
for fouling and confusion presented themselves when the lines were being streamed, 
and it was due to the skill and experience of the working party that everything went 
without a hitch in all except two or three shots. 

In any future trials it is recommended that the drifting method of suspension 
should be adopted, with a bottom-line as described in the first part of this section. 
The system is convenient to lay out and gives accurate distance, and it renders the 
experiments independent of tide. Suppose that a new explosive is to be tested 
against a standard, such as T.N.T., the following conditions would be suitable :— 
weight of charge, of each kind, 300 lbs. ; number of charges, of each kind, 3; the 
charges should be in depth-charge form, not surrounded by an air chamber; depth 
of charge, not less than 30 feet; two gauge lines, one each side of charge, at a 
horizontal distance of 50 feet from centre of charge; gauges on each line as follows— 
GF, GX (3-inch piston), GY (144-inch piston), GY (1,%-inch piston), GZ (24-inch 
piston), GZ (1g-inch piston), GA (44-inch piston), GA (83-inch piston); gauges 
1 foot apart, middle gauge at same depth as charge ; the depth of water should not 
be less than 20 fathoms. 


(22) Alternative Methods for determining the 
Time-pressure Curve; Hopkinson’s Pressure-bar Method ; 
Sir J. J. Thomson’s Piezo-electric Method. 


The results obtained with the gauges described in Sections 18 and 19 are so 
consistent and lead to such coherent conclusions that there is no doubt in the writer’s 
mind of their substantial correctness ; at the same time it is very desirable to check 
them if possible by some entirely different method. Two other methods are known 
for determining the time-pressure curve of an explosion. The first of these is 
Hopkinson’s pressure-bar method, described in the Philosophical Transactions of 
the Royal Society, 1913. In this method the pressure to be investigated is allowed 
to act on one end of a steel bar, in which it generates a corresponding pressure wave, 
which travels with the velocity of sound in steel, about 17,000 feet per second. At 
a given moment the space-distribution of pressure along the bar is a copy of the 
time-distribution of the pressure which has acted on the end of the bar. The steel 
bar is divided toward its further end, the opposed faces of the cut being carefully 
surfaced and held in firm contact. The compression wave passes this joint unaltered, 
and reaching the end of the bar beyond the joint is reflected as a wave of tension. 
Ata given moment the pressure at any section of the, bar is the algebraic sum of 
the effects of the forward-travelling compression wave and the returning tension 
wave. As long as the amplitude of the compression wave at the joint exceeds that 
of the tension wave the part of the bar beyond the joint, known as the time-piece, 
is held in contact, but as soon as the amplitude of the tension wave at the joint equals 
that of the compression wave the time-piece is free to separate, and flies forward 
with a definite momentum. This momentum, which is determined by a ballistic 
pendulum, is a measure of the time-integral of the force (pressure multiplied by area) 
that has acted across the joint up to the moment of separation. By a series of 
experiments with time-pieces of different lengths it is possible to determine the 
whole time-integral of the pressure, the maximum intensity of the pressure, and 
the time during which the pressure exceeds any given value. The results do not 
give the exact form of the time-pressure curve ; they give no information for example 
as to the relative rapidity of the rise and fall of the pressure ; if, however, the pressure 
is assumed to reach its maximum intensity instantaneously, as is probably very 
nearly the case, this limitation disappears and the time-pressure curve is definitely 
determined. 

Hopkinson’s method has been extensively used for investigating the pressure in 
the immediate neighbourhood of small charges, say, a few ounces or a few pounds of 
guncotton ; it is in fact the only accurate method available for the purpose. In these 
cases, however, the pressure is of the order-of 100 tons per square inch and is all 
over in a ten-thousandth of a second or less, while the present problem is to measure 
pressures of the order of one ton per square inch lasting several thousandths of a 
second. The difference in both respects is against the method. With a pressure 


so low as 1 ton per square inch the velocity of the time-piece would be very small, 
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only about 30 inches per second, and its measurement would be a matter of very 
great difficulty under sea conditions. Un the other hand, to explore the pressure 
for severai thousandths of a second would require pressure-bars of enormous length ; 
even for one-thousandth of a second the time-piece alone would have to be 84 feet 
long. It is feared that the utility of Hopkinson’s method will be confined to tank 
experiments with very small charges. Work on these lines is in hand at the Research 
Department, Woolwich. 


The dome of broken water which is thrown up at the surface when a submerged 
charge is fired (Section 8) is a phenomenon closely parallel with Hopkinson’s 
experiment. The pressure wave of the explosion is reflected from the surface 
as a tension wave, and the excess of tension over pressure causes separation of 
the upper layers of water, which rise with a certain amount of trapped momentum. 
If it could be assumed that the water separates at the least excess of tension, 
the velocity U with which the uppermost layer begins to rise above the surface 
would afford a measure of the maximum intensity P of the pressure (that is to 
say the maximum pressure that would exist ata point in the surface directly above 
the charge if the wave went on instead of undergoing reflection). It is easily shown 
that 

= 2P 
ap 

a being the velocity of the pressure wave and p the density of sea-water; or U = 66P, 
if U is expressed in feet per second and P in tons per square inch. With a 300-lb. 
charge of 40/60 amatol at a depth of 343 feet the gauge measurements show that 
P = about 1:2, so that the uppermost layer of water should begin to rise with a 
velocity of 79 feet per second, and under the action of gravity alone the dome should 
reach a height of nearly 100 feet. Actually the observations recorded in Section 26 
show that it rises only to about 35 feet. A 40-lb. charge at a depth of 18 feet and a 
1,900-lb. charge at a depth of 64 feet should also give an initial velocity of 79 feet per 
second, but in these two cases the actual height of the dome is about 25 feet and 
55 feet. The observed height is always much less than the calculated height, and the 
difference is greater for small than for big charges. The most probable explanation 
is the resistance of the air; this would make all the results low, but would have less 
effect in the case of big charges because they throw up a greater volume of water. 
By means of cinematograph records it may be possible to make direct determinations 
of the initial velocity U, and it will be interesting to see whether results obtained in 
that way agree better with the gauge results. In any case, however, the assumption 
on which the calculation is based is not entirely correct, since it has been shown in 
Section & that sea-water is able to bear considerable momentary tensions without 
breaking. 

Another method for determining the time-pressure curve, due to Sir J. J. Thomson, 
depends on the property possessed by quartz, tourmaline, and some other crystals, of 
liberating an electric charge under the action of pressure. The charge liberated at 
any instant is proportional to the pressure at that instant. A pair of electrodes on 
the crystal are connected to plates in a cathode-ray tube, producing an electrostatic 
field which deflects the cathode ray to an extent proportional to the pressure on the 
crystal. The movement of the ray is recorded on a photographic plate. An 
alternating magnetic field, of about a hundred cycles per second, produces a second 
movement of the ray, at right angles to that imparted by the piezo-electric action of 
the crystal, so as to draw out the deflection of the ray into the form of a loop, from 
the shape of which the whole time-history of the pressure can be deduced. This 
method has been developed at Shandon by Mr. David Keys, and successful experiments 
have already been made with miniature charges. No great difficulty is anticipated in 
applying the method under conditions parallel to those of the present experiments, 
and the results should be a valuable check on the gauge measurements. It may be 
hoped that this method will enable the time-pressure curve to be studied more closely 
and in detail than is possible by any other means at present known. For example, it 
is probable that the time-pressure curve of a charge surrounded by a big air-chamber 
is less simple than that of a naked charge ; it very likely has secondary peaks or 
irregularities, and the same may be true of charges fired on the bottom. The present 
gauges are not well adapted to show these features, and if they exist it is probable 
that they can only be brought to light by methods giving a continuous trace of the 


pressure. 
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(23) Measurements of the Velocity of the Pressure Wave. 


The velocity of the pressure wave was measured by means of the spark 
chronograph described in Section 27. As the pressure wave passed two contacts at 
measured distances from the charge it closed each in turn and operated the chrono- 
graph. The lay-out of one of these experiments is shown in Fig. 43, and the circuits 
iu Fig. 44. Each contact consisted of a pair of brass springs built up with rubber 
strips into a watertight unit (Fig. 45). ‘he time for tiie contact to close under a 
pressure of l’ton per square inch was estimated to be about 3 x 10° second. ‘The 
two contacts were lashed to a hemp line at distances of 50 feet and 60 feet from the 
charge. It will be seen from the lay-out diagram that as the ‘‘ Malapert”’ drifted the 
resistance of the charge kept the hemp line taut. Above and between the contacts 
was a floating box containing the chronograph and its associated sparking-circuits. 
This box was connected to the “ Malapert” by a 4-wire cable, so that the charging of 
the spark condensers and the speed of the chronograph could be controlled from the 
ship. ‘The firing of the shot was delayed until the condensers had been charged and 
the chronograph brought to correct speed. Each condenser charging circuit included 
a high resistance, which gave it a charging period of several seconds, so that the 
chronograph would be unaffected by the rapid reclosing of a contact, such as might 
be occasioned by the reflected wave from the bottom. For the sake of simplicity only 
two contacts have been shown in Fig. 44, but actually these contacts and their 
associated circuits were in duplicate, so that as the pressure wave passed each contact 
position it operated two contacts and made a double record on the chronograph. The 
results of four shots, in all of which the contacts were at 50 feet and 60 feet from a 
300-Ib. amatol charge, were as follows. The mean result is probably within 5 per 
cent. of the truth. : 


Shot. Velocity (feet per second). 
72 & : = 2 - - 5,180 
74 - - * - = - 4,820 
105 - - - - - - 4,830 
106 - - - - - - 4,730 
Mean 4,890 


The velocity of sound in water was determined by Colladon and Sturm in the 
Lake of Geneva in 1826 as 4,700 feet per second. The modulus of compressional 
elasticity— 


pdp 
dp 
of sea-water is 5} per cent. higher than that of fresh water \ Tait, Challenger Reports, 
18838) and its density (p) is 3 per cent. higher, so that the velocity of sound— 
dp 
dp 
should be 2? per cent. higher, or 4,830 feet per second. The experiments of 
Mr. Boulding, off Culver, Isle of Wight, in 1917 gave the velocity as 4,940 feet per 
second (B.1.R. 34555,17). The water in the Clyde estuary between Arran and the 
mainland has nearly the full salinity of the opeu sea (three samples collected on 
different days gave 5°18, 3°16, and 3°20 grams NaCl per 100 c.c.), so that the velocity 
there may be taken as about 4,9U0 feet per second. This is practically identical with 
the figure found for the velocity of tle pressure wave. 

The velocity of sound in a medium is the velocity of an infinitely weak pressure 
wave. The theory of the velocity of a strong pressure wave has been considered by 
Rayleigh (Theory of Sound, § 251), whose observations may be paraphrased as 
follows :---Consider a small portion of the medium occupied by the pressure ware 
at a given moment, and imagine an infinitely weak secondary wave to be superposed ; 
the secondary wave will travel, relatively to the medium, with the velocity a’ of 
sound—not the velocity of sound in the undisturbed medium but the velocity of 
sound in the medium.as modified by the pressure of the main wave; but the medium 
itself is in motion with a velocity u, depending on the pressure of the main wave, 
so that the whole velocity of the secondary wave is a’ + uw; what has been said of 
the secondary wave applies also to the parts of the main wave, so that the velocity 
of the main wave at the point considered may be taken as a’ + u. We have to apply 
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this theory to the pressure wave from a 300-lb. amatol charge at a distance of 
55 feet from the charge, where the muximum pressure is about U"7 ton per square 
inch, Under this pressure the density (p) of the sea-water is 0°5 per cent. higher 
than normal, and the modulus of compressional elasticity— 


pilp 

dp 
is about 4°5 per cent. higher (Tait, Challenger Report), so that the velocity a’ of 
sound in the compressed medium is 2 per cent. higher than in the-undisturbed water. 
The velocity of the medium itself is— 

Le = 23 feet per second, 
ap 

or 0°5 per cent. of the velocity of sound. Consequently the velocity of the pressure 
wave, a + w, should be 2°5 per cent. higher than the velocity of sound. Theoretical 
considerations therefore confirm the experimental results in indicating that the 
velocity of the pressure wave does not exceed that of sound by more than a few per 
cent. In the region near the charge the difference is no doubt greater. 

Thirty years ago Threlfall and Adair made a series of experiments on the 
velocity of the pressure wave generated by small charges in sea-water (Proceedings 
of the Royal Society, 1859). Sensitive contact makers were mounted on piles at 
approximately 30 and 200 yards respectively from the charge, and the closure of the 
contacts was recorded on a pendulum chronograph. With a Y-oz. charge of guncotton 
they found a velocity of 5,7U0 feet per second, and with a 4-lb. charge of guncotton 
the velocity was 6,600 feet per second. It is difficult to reconcile these results, which 
among themselves were very consistent, with those obtained in the present experi- 
ments. Sir R.-Threlfall has informed the writer that the possibility of a disturbance 
having been propagated through the sea-bottom and the supporting piles was 
carefully weighed and rejected at the time of the experiments. 


The determination of the velocity of the pressure wave is of more than theoretical 
interest ; it is a factor which has to be known in estimating the effect of the surface 
on the pressure at a point in the water (Section 8); moreover, the demonstration that 
the velocity is practically the same as that of sound strengthens the argument that 
the pressure wave in all respects approximately obeys the simple acoustic laws. 


(24) Measurements of the Echo reflected from the Bottom. 


All that was attempted in tls direction was a measurement of the whole time- 
integral of the pressure in the reflected wave. Tor the purpose of this measurement 
it was necessary to modify one of the gauges described in Section 18 in such a way 
that the main pressure wave would have no effect except to set the gauge in readiness 
to be operated by the reflected wave. The bottom of a GZ gauge (Fig. 35) was fitted 
with a shutter A, Fig. 39, held by a powerful spring B against a detent C in one of 
the piston holes; the pressure of the main pressure wave forces in the detent C 
against a spring and also holds the shutter against the bottom of the gauge; when 
the pressure of the main wave ceases the shutter is pulled round by the spring 
against a stop D, in the next piston hole to the detent C, and exposes two piston holes 
E containing working pistons, which are afterwards operated by the reflected wave. 
The two remaining piston holes were blocked. The time-constant of the shutter was 
measured by the spark chronograph described in Section 27, and was found to be 
about 7 < 107° second. The working pistons were # inch long, with 1? inch free 
travel. Lead crushers were used in place of coppers. 


In one typical experiment with this gauge, the charge (300 lbs. 40/60 amatol) 
was 344 feet deep; the gauge was 40 feet deep and 50 feet away from the charge ; 
the bottom, which was mud, was at 21 fathoms. The time-integral of pressure at a 
distance of 50 feet from this charge is I = -68 (Section 4); the distance travelled by 
tke reflected wave, from charge to bottom and from bottom to gauge, was 154 feet, 
so that if complete reflection occurred the time-integral of pressure of the reflected 
wave would be "185; actually the gauge gave it as only “V68, corresponding to a 
coefficient of reflection of 0°37. In three similar experiments the values found for 
this coefficient were 0°29, 0°47, 0°47. It may be concluded therefore that reflection 
of a pressure wave from a mud bottom reduces the time-integral of pressure to less 
than half its incident value. 
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Reckoning time in thousandths of a second from the moment of detonation, the 
order of events in the above experiment is as follows:—The main wave reaches the 
gauge at t = 10 and forces in the detent, at the same time holding the shutter from 
movement ; the tension wave from the surface arrives at the gauge att = 18, and 
takes the pressure off the shutter; the shutter then begins to turn and completes its 
movement at t = 25; the reflected wave from the bottom arrives at the gauge at 
t = 37, and drives in the two pistons; the crushing of the leads indicates that the 
velocity of the pistons at the moment of impact is about 15 feet per second, so that 
impact must occur after t= 47, but probably not later than t = 50; the period of 
ten thousandths of a second during which the piston is in movement should be ample 
to cover the duration of the wave ; finally, the wave reflected from the bottom reaches 
the surface and is reflected as a wave of tension, which arrives at the gauge at t = 52, 
just after the pistons have hammered the leads. 
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APPENDIX I. 


SCHEDULE OF CHARGES AND SHOTS. 


(25) List of Charges. 


TasBLe VIII. 


Type of Weight and Nature of 
Charge. Explosive. 
G. 40 ibs. - - = = a 
40/60 Amatol. 
D. 300 Ibs. - - = 5 
40/60 or 50/50 Amatol. 
DE 120 Ihs. - - = = 
40/60 Amatol. 
DX 267 Ths: - = = a 
80/20 Amatol. 
AD 300 Ibs. T.N.T. - - - 


X1 600 Ihs. - - = 
40/60 or 50/50 Amatol. 


X2 900 ths, - = = 
40/60 or 50/50 Amatol. 
X3 900 Ibs, - - - 


40/60 or 50/50 Amatol. 
M 1,000 Ibs. T.N.T. - - - 


At 1,900 lbs. - - - 
50/50 Amatol. 

Se TWN, ee) ee ees 
80/20 Amatol. 

X6 500 Ibs. Gunpowder (E.X.E. 
prism powder), 

H2 320 Ibs. - - - - 
40/60 Amatol. 

NY 820 Ibs. - - - - 
40/60 .\ matol. 

X8 272 Ibs. R.D. No. 30 mixture 
(ammonium pereblorate, 78 ; 

a aluminiwa powder, 6; 
paraffin wax, 16). 

x9 312 lbs. wet guncotton - - 

P 2} Ibs. dry guncotton = - - 


Displace- 
ment 
(cubic 
feet) 


Number 
fired. 


23 


31 


or 


—oO 


OO 


Description. 


Small depth charge; cylindrical mild steel 
casing with dished ends, 1 foot 9 inches 
long, 9 inches diameter, }; inch thick ; 
explosive arranged as at G, Fig, 46. 

Depth charge ; cylindrical mild steel casing 
with dished ends, 2 fect 3} inches long, 
1 foot 54 inches diameter, } inch thick, 
completely filled with explosive except 
central primer tube. 

Depth charge ; casiug same as D hut only 
partly filled with explosive. 

Depth charge ; similar to D. 


American depth charge ; similar to D. 
Two D charges lashed side hy side. 


Three J) charges lashed together so as to 
give three touching cireles in section, 

Three D charges lashed end-to-end. 

Ground mine; conercte casing, about 
2 inches thick, as at M, Fig. 46. 

Special charge ; cylindrical mild steel casing 
with convex ends, 4 feet long, 2 feet 
8 inches diameter, 8; inch to } inch 
thick ; complerely filled with explosive 
except central primer tube. 

Similar to X4. 


Special charge ; cylindrical mild steel casing 
with convex ends, 3 feet 3 inches long, 
1 foot 9$ inches diameter, } inch to 
yz; inch thick; completely filled with 
explosive except central primer tube. 

Buoyant mine ; spherical mild steel casing, 
3 feet 2 inches diameter, + ineh thick, 
explosive in central container as at H2, 
Fig. 46. 

H2 mine with 500 Ibs. additional explosive 
filled in as at X7, Fig. 46. 

Special mine ; spherical mild steel casing, 
3 feet 2 inches diameter, yy inch to finch 
thick ; explosive central, as in H2. 


Special mine ; similar to X8. 
Guncotton primer. 


The primer employed for the majority of the charges contained 2} Ibs. of guncotton ; the primer for 
the H2 mine had j Ih. C.E. and 2} Ibs. T.N.T.; that for the M, X4, and X5 charges had 4 Ibs. of 


tetryl. 


Shot 
Number. 


OMBAMUNHW.L— 


(26) List of Shots. 
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TaB_e IX. 


e Depthick * Henth of 
™ ; Date. | Perl Water. 
Charge. (Feet. \(Fathoms.) 
D 27.8.18 344 $2 
G | 29.8.18; 34} 29 
D | 29.8.18 34h 25 
D ORSINI D hel nos 
D* 31.8.18 34h 25 
ADE. | $3.49:0'8 34) 39 
D | 4.9.18} 34$ 30 
D 5.9.18 345 27 
D | 6.9.18 | 344 23 
DNS ad 18: 343 24 
ADE 9 Gee Bat 30 
G | 1)-9si}) “34h 30 
G 12.9.18 14} 26 
Di) Wes9218 10 27 
Den longs 5 25 
P 18.9.18 4 2 
AD 20.9.18 344 30 
G 23.9.1% | 2 
G 24.9.1 34h 25 
H2 | 26.9.18 34} 26 
G 30.9.18 34h 25 
G 1.10.18 34 26 
G |! 4.10.18 fi 29 
H2 | 11.10.18 | « 200 45 
AD | 11.10.18 344 30 
H2 12.10.18 | 200 45 
DX | 12.10.18 | 344 | 25 
DX | 13.10.18 Sit | 30 
D 14.10.18 Sl eT 
DX | 15.10.18; sit 29 
D 16.10.18 Se 26 
M 23.10.18 51, 30 
M | 25.10.18 | 51 26 
G | 27.10.18 Se ea 
G 27.10.18 18 27 
X7 29.10.18 47} 25 
X7 1.11°18 47 30 
DX Me2aiens 34 27 
G ! 12.11.18 | 150 45 
G 12.11.18 | 100 45 
G 14.11.18 sO | 22 
G 14.11.18 60 22 
G 14.11.18; 50 22 
D 20.11.18; 20 25 
D | 232501187) 20 25 
MI) 29501518) ) 344 25 
G 3212018 es 22 
x7 10.12.18 47} 28 
Hz (| 11.12.18) 34 27 
X2 | 17.12.18; 49 28 
G 31.12.18 18 22 
x7. | Baleiselaayl ol) 98 
Hsin! era ON 27 
x2 | 6.1.19 49 31 
M Tellgie Syl 32 
Gre es eoys eats 22 
HOP else eos) 26 
XOF 1s. 1219 49 28 
M ; 20.1.19; 51 30 
SEIS PATE) 344 26 
Di 222119, 10 26 
Gre 2ss1e 19s bans 21 
X9 | 28.1.19 34h 24 
Di £2951 19 f 26 
G ! 30.1.19 18 17 
D 31.1.19, 34} 43 
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Sea 

Height of | Diameter] Heigh 

Wind. me Hf Plumes." lof *Dome."| ee 

| in Feet). (Feet,) (Feet.”) (Feet.) 

| | ie 
ie Pe eal FS — 
| 2 60 | 120 11 
Ugo) 129) ee = 
4 120; 140 = 
2 90 | 140 23 
2 140 140 30 
4 170 160 30 
0 80 150 30 
' 0 90 | —_ a 
| 1 90 | — 
| 1 85 | 120 34 
PN Weal |) 7h 1) eea0 10 
Nae! Say So = — 
N.W. by N. 3 | 2s = = 
E.3 1 400 == = 
= | 0 — — — 
S.W. 2 3 190 145 30 
N.W. 4 3 45 = = 
S.W. 6 7 — _ 
W.S.W.2 | 1 150 120 25 
N.N.W.3 | 1} 40 80 10 
N.W. by N. 2 | 4 60 80 11 
W.N.W. 3 2 45 90 10 
W.S.W. 1 } a 0 
N.W. by N. 2 130 — a 
N.N.W. 2 5 = = 0 
NNW.2. | 4 170 = 35 
S.S.W. 3 2 170 140 35 
S.W.3 2 260 = = 
0 4 160 = = 
N.W. by W. 3 2 450 = = 
N.N.W. 1 4 220 220 48 
N.N.W. 3 2 190 205 60 
0 0 85 60 24 
S.W. 0 90 65 26 
0 0, 1) 525 150 40 
E. 2 1)" 4) 190 230 46 
0 0 130 125 28 
0 0 == = 0 
0 0 = = 0 
S.S.E. 2 } — = ?0 
S.S.E. 2 ie = = ? 
Sst } = — 6 
S.3 2 230 = = 
S.3 2; | 190 = = 
N.W. 3 1 250 170 70 
S.W. 1 0 45 = = 
N.N.W. 3 14 = = =. 
N.E. by E. 2 5 170 120 35 
SiW.13 re 200 170 43 
N.E. 2 i 1600) 2 oo 
0 0 175 170 39 
Neko 1 100 115 29 
Swe S 160 195 55 
E. by N.3 5 260 — — 
S.S.E. 3 ey HO oe BS, 
S.W.1 4 TSUN ae Os 34 
N.N.W. 1 0 160 | 180 55 
SiS!E. 3 1 280 | 200 52 
S.S.E. | | 180 105 39 
$.S.E. 2 1 250 — = 
S. hy E. 2 1 65 | == = 
El 4 170 115 37 
N.E. 3 1 300 | == = 
E. 2 1 200 = = 
N.E. 2 1 250 150 38 
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SEE 2 oe Rent 305 
Depth of 
Centre | Depth of ; eat Height of ee Height of 
of Charge. |__ Water. Wind. to Crest |‘ Plumes,” lof “Dome.”| “ Dome.”” 
Feet.) [Pathoma) in Feet). | (Feet.) | (Reet.) | (Feet. 

67 x9 3.2.19] 344 26 E.1 0 130 110 36 
68 c 5.2.19| 18 13 E. 4 1 120 95 28 
69 x8 | 10.2.19] 34} 25 E.N.E. 2 300 | 115 42 
70 D 12.2.19 10 20 E.N.E. 1 i oe — aa 
71 X# 132.19 344 26 0 0 170 pea an 
72 D 14.2.19 10 25 0 0 400 ee am 
73 M 17.2.19| 60 10 I. 4 1 250 400 40 
74 D 19.2.19 10 21 E.S.E. 4 1 400 — — 
75 M 20.2.19 60 10 E. 2 4 180 240 38 
76 M 21.2.19 60 10 E. by S. 2 1 195 290 55 
77 D 21.2.19| 125 25 E. by S$. 2 1 = as 20 
78 M 22.2.19 60 10 E.N.E. 1 s 140 — acl 
79 D 24.2.19 | 125 27 0 0 = = 20 
80 D 24.2.19 | 150 30 0 0 = a 0 
81 X3 25.2.19 49} 29 E.S.E. 3 1} — — == 
82 D 26.2.)9 10 23 E.N.E. 4 1 400 — — 
83 X3 28.2.19 a 30 W. by 8.3 if — — = 
84 AD 1.3.19 34 27 S.S.E. 3 2 180 _ — 
85 X5 4.3.19 60 39 N.W. 1 0 210 = md 
86 xa 5.3.19 60 40 W.N.W. 1 0 180 190 53 
87 X5 12.3.19 60 40 N.E. by E. 3 2 210 _ — 
88 x4 13.3.19 64 45 E. by S. 2 1 220 _— — 
89 x4 14.3.19 64 51 0 0 200 300 53 
90 x4 15.3.19 64 55 E. by N. 1 ; 240 — 55 
91 X6 17.3.19 | 34} 25 | N.W. by N.4 2 80 = 0 
92 X6 18.3.19 | 40 27 S.E. by S. 3 90 ae 0 
93 X6 19.3.19 40 27 S.E. 5 af 110 — 0 
94 x8 20.3.19 34} 21 E.S.E. 3 2 175 = ae 
95 AD 21.3.19 344 21 E. 3 1 195 _— — 
96 D 22.3.19 | 200 48 E.N.E. 2 = = 0 
97 D 24.3.19 5 22 E. 1 — — = 
98 D 25.3.19 344 2t 0 0 160 = a 
99 D 25.3.19 5 21 0 0 650 el — 
100 D 31.3.19| 34 22 N.N.W. 4 14 = 130 40 
101 D 31.3.19 34 25 N.N.W. 4 14 _— — = 
102 X8 31.3.19 34 22 N.N.W. 4 1 150 — x 
103 G 1.4.19 18 13 E.N.E. 2 —_— — = 
104 G 1.4.19 18 14 E.N.E, 2 — a = 
105 D 2.4.19 34 35 W. by S.2 a = =e 
106 D 3.4.19 34 40 W. by S. 1 0 = = oa 
107 D 4.4.19 34h 42 S.W. by W. 2 1 = 120 40 


Shots 73, 75, 76, and 78 were fired on a sand bottom about 14 miles off Irvine; all other shots were 
fired approximately in a line between Troon and Holy Island, over a mud bottom. 


APPENDIX II. 


CALIBRATION EXPERIMENTS. 


(27) Apparatus. 


The copper cylinders which formed the measuring-element of the principal gsuges were calibrated by 
firing steel pistons at them from a pneumatic gun, the velocity of the pistons being measured by an electric 
chronograph, which was developed for the purpose. The gun, shown in Fig. 47, consisted of a shot-gun 
barrel mounted vertically over a massive anvil. The piston was hung by a loop of fine wire from a crows- 
pin, resting in two notches in the upper end of the barrel, so that when compressed air was admitted above 
it it was blown off its support and projected on to a copper cn the anvil, The top of the barrel was closed 
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by a serew cap, connected by a rubber tube to a reservoir of compressed nit. The rubber tube was normally 
blocked by a metal blade acting as 4 pinch-valve, but this could be tripped at any moment so as to admit 
the compressed air to the gun barrel. By charging the reservoir to different pressures a wide range of 
velocities could be obtained. Four sizes of pistons were used, weighing 22h, 44, 3, and 1} ounces. ‘Lhe 
lightest of these pistons was hollow, as shown in the figure. With the reservoir charged at 75 lbs. per 
square inch above atmospheric pressure the lightest piston could be given a velocity of 150 feet per second, 
corresponding to 33 foot-pounds of energy, und the heaviest piston could be given a velocity of 50 feet per 
second, corresponding to 55 foot-pounds. For velocities from 11 to 16 feet per secoud compressed uir was 
not used, the piston being dropped from different heights inside the barrel. For velocities lower thun 
11 feet per second the piston was dropped from the end of the barrel, which was brought down toa 
suitable height above the anvil. 


When the piston was dropped from the end of the barrel its energy at the momeut of impact was 
calculated from its weight and the height of its fall, but in all other cases the velocity was measured by a 
air of electric contacts connected with a chronograph. Each contact consisted of a very light aluminium 
et just projecting into the line of flight, with u copper brush about 45-inch below it, so that contact was 
closed by the passage of the piston. ‘The two contacts were exactly 1 foot apart, the upper one being about 
1 foot below the eud of the gun barrel aud the lower one } inch above the point of impact. If I’ is the 
time recorded by the chronograph, x the distauce between the contacts, y the distance from the lower 
contact to the point of impact, and g the acceleration due to gravity, the velocity of the piston at the moment 


of impact is— 
aaa 2 
— +-9T 2 gy. 
J (e+ 5! ) + 2 gy 


The chronograph was a high-tensioy spark apparatus. The closure of each contact completed the 
cireuit of u charged condenser (4 microfarads, 200 volts) through the primary of a transformer (a small 
induction coil) causing a spark in the secondary circuit between a fixed discharge point and a drum rotating 
at a known speed. A paper strip on the druin was perforated by the sparks, and the distance between the 
perforations, mensured lengthwise on the paper strip, indicated the time-interval between the closure of the 
two contacts. The construction of the chronograph is shown in Fig. 48 and the circuits in Fig. 49. The 
method adopted for running the chronograph at correct speed was as follows: A soft iron crown wheel, 
with 10 teeth, was fixed on the chronograph shaft so that the teeth rotated past a permanent magnet wound 
with a coil connected to a telephone ; this arrangement produced an audible note corresponding to the speed 
of the drum; io a branch of the same circuit wera a battery, a “button ” microphone, aud another wound 
magnet, the microphoue and magnet being combined with a tuning-fork in the well-known way to 
constitute a retro-active system, producing a sustained pure tone; the speed of the chronograph motor was 
adjusted by a rheostat until slow steady beats were heard in the telephone, not more than one every second ; 
the frequency of the tuning-fork (by comparison with a fork determined at the National Physical 
Laboratory) was 511, so that when the above adjustment had been made it was known that the drum was 
running st 51*1 + O°1 revolutions per second. The circumference of the drum, over the paper strip, 
was 12°60 inches, so that 1 inch corresponded to 74; second. 


The primaries of the transformers had an inductance of about 3 milli-henries ; the calculated time for 
the condenser discharge current to reach its maximum was therefore ;,'55 second, lut the time necessary to 
estadlish «sparking potential was no donbt determined almost entirely by the time constant of the secondary 
cirenit, and must have been far less than this ; experiment in fact showed that the moment of sparking was 
the same, within 10-5 second, whether the capacity in the primary circuit was 2 microfarads or 8 micro- 
farads. Whatever may have been the actual lag of the chronograph action it was ouly the variability that 
mattered. A large number of experiments were made on this point, four condensers being ivchareal 
simultaneously through separate transformers hy closing a single contact, and it was found that the average 
difference between the four individual chronograph perforations and the mean of the four was only about 
10-9 second, or less than ;$5 inch. The variations were due to wandering of the sparks more than to real 
differences in the time of discharge. 


(28) Results. 


The copper cylinders were cut from rods of pure eléctrolytic copper, cold-drawn to diameter *320 inch, 
the length of each piece being from °499 inch to *501 inch. As all measurements were made to the nearest 
ten-thousandths of an inch it was necessary for the ends to be cut perfectly square. ‘The eut pieces were 
anncaled in an electric muffle furnace at 60° C., the furnace being packed with sand to avoid oxidation. 
The coppers were allowed to cool slowly in the furnace, but quenching them in water seems a better plan ; 
quenched coppers are cleauer and more couvenient to measure and their resistauce is almost exactly 
the same. 


The uniformity of these coppers was tested by subjecting 116 of them (cut from 29 ditferent rods) to a 
standard blow of 2°86 foot-pounds ; the average shortening was 27°4 x 10-8 inch, the extreme variation 
heing 26°6 x 10-3 to 27-9 x 10-3; the average difference between the mean and individual results was 
0-2 x 10-3, or less than | per cent., a very remarkable degree of consistency. 


The calibration experiments proved that the shortening of a copper measures the energy of the blow : 
a light and a heavy piston eadowed with equal amounts of energy produce the same shortening. This is 
illustrated in Fig. 50, which shows two sections of the calibration curve with the actual results given by 
pis'ons of different weights. It was observed that there was generally uo appreciable rebound of the piston, 
from which it may be concluded that the who'e of its energy was absorbed by the copper ; the exception 
was in the case of the lightest pistou at very high velocities, when there was a very perceptible rebound, 
but even in this case the energy of rebound was only about 1 per cent. of the incident energy. ‘The relation 
betweeu the shortening A and the impressed energy E is shown in the following table. 
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TaBLE X. 


A = shortening of the copper, in thousandths of an inch. 
E = energy in foot-pounds. 


PPP RO wOWWwWh wrth = 


The fact that the shortening of a copper is entirely determined by the energy of the attacking piston 
can only be explained by supposing that the resistance of the copper at any moment is independent of the 
rate at which it is being shortened, and depends only on the extent to which it has been shortened. On 
this view the resistance of the copper for a given shortening A is 

dE 

da 
and can be determined from the calibration results. If these results are analysed it will be found that for 
small values of A the resistance is approximately r = ro + k A, where ro = 400 Ibs. and & = 62 Ibs, 
per 10-Sinch. For bigber crushings, above A = 50 x 10-3, the resistance is less than this formula 
indicates. ‘The increase of resistance which accompanies shortening of the copper is due almost entirely 
to hardening of the metal, and in only a very small degree to enlargement of girth ; for example, a copper 
emshed 40 x 10—5 inch has a resistance twice as great as a copper crushed 17 x 10-$ inch, though its 
cross-sectional area is ouly 5 per cent. greater. 

For measuring very light impacts, less than 0-5 foot-pound, coppers are too hard and lead cylinders 
must be used. Eley’s lead crushers were calibrated for this purpose, and the results are shown in Table XI. 
These leads are ~500 inch long and -325 inch diameter. The relation bevween E and A is independent 
of the weight of the piston, so that it must be concluded, as in the caze of coppers, that the resistance of 
a lead is independent of the rate at which it is being shortened. Asin the case of coppers, the increase 
of resistance which accompanies shortening of the lead is due mainly to hardening of the metal, but there 
is this difference, that whereas the copper keeps its acquired hardness the lead swiftly reverts to its original 
softness (H. W. R. Mason, Arms and Explosives, Jan. 1, 1918). ‘he self-annealing process occupies 
a matter of seconds or minutes, and it certainly has no time to take effect in the very brief duration of 
the impact of a piston, which is of the order of 10-5 second, but the phenomenon is worth noting since 
it invalidates any statical method for determining the resistance of the lead, and explains the “ creeping ” 
or gradual yielding of the lead which has been observed whenever it has been attempted to apply such 
methods. Calculated from the energy data the resistance of the lead is 


r= = = (for small crushings) approximately r° + 4 A, 
where ro = 130 Ibs. and & = 5-6 Iba. per 10-8 inch. 


Tasie XI. 


4 = shortening of the lead, in thousandths of an inch. 
E = energy in foot-pounds. 
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APPENDIX III. 


MISCELLANEOUS. 


(29) Some general Points in the Theory and Use 
of Pressure Gauges. 


There is » general question which arises in connexion with any form of gauge for measuring the 
pressure ina pressure wave. The measurement required is the pressure that would exist in the water if 
the gauges were absent; to what extent are the gauge results vitiated by the modification of pressure 
due to the presence of the gauge? ‘The presence of the gange modifies thc pressure in two ways. In 
the first place the gauge as a whole, regarded as an approximately rigid heavy body, increases the pressure 
on its front face (the side towards the oncomiug wave) by reflection, and diminishes the pressure on its 
back face by shadowing. The seriousness of this effect depends on the relation betweon the size of the 
gauge und the thickness of that part of the pressure wave which it is supposed to measure. As regards 
the present gauges the effect will be most serious in the case of Type GF (Fig. 37); the linear dimensious 
of this gauge average about 3 inches and it has a {ime-constant of 10-4 second, corresponding to a 6-inch 
thickness of the wave in the water. The question was examined experimentally for this type of gauge 
by putting down 3 gauges near one another at equal distances from the charge, the working face of the 
first gauge being directed towards the charge, of the second at right angles, and of the third away from 
the charge ; in three experiments of this kind, with gauges 40 feet away from 300-lb. charges of amatol 
or T.N.T., the pressures recorded were in the ratio :— 


105 : 100 : $5 
105 (2100: 2/97 
108 : 100 : 96 


Average - - - 106 : 100 : 96 


These results show that so far as the present gauges are concerned the effects of reflection and 
shadowing are not large even in the most unfavourable case ; it must also be remembered that throughout 
the investigation, with a few exceptions, the gauges were hung in the second of the above three positions, 
with the axis of the gauge at right angles to the direction of the charge, so that neither reflection 
nor shadowing would come into play to any appreciable extent. 

In the second place every gauge has a part which yields to the pressure ; how far is the pressure in 
the water reduced by the relief thus afforded to it? In dealing with this question it is convenient to have 
in mind an actual example ; take the case of a G gauge (Fig. 34) at a distance of 50 feet from a 300-lb. 
amatol charge; this gauge has @ piston 3 inches long and 4 inch in diameter, with a free travel of 
2 inches before it hammers the copper ; from the moment when the pressure wave reaches it the piston 
moves with a continually increasing velocity until, after about five-thousandths of a second, it reaches the 
end of its travel with a velocity of about 50 feet per second. The movement of the piston propagates 
a secondary tension wave which spreads in all directions with the velocity of sound in water, and at any 
moment the pressure at a given point in the water is the algebraic sum of the pressure that would exist 
if the gauge were absent and the tension due to the movement of the piston. What we have to find is 
the extent to which the pressure is relieved at the mouth of the piston hole ; this can be approximately 
estimated as follows: under a steady pressure p, water is forced through an unobstructed aperture with 


a velocity— 
van/2, or V =570Vp, 
Pp 


if V is expressed in feet per second and p in tons per square inch ; conversely, if a piston is withdrawn 
into a gauge with velocity V the pressure at the mouth of the piston hole will be relieved by an amount 
p=31 x 1077 V*._ In the example stated above V is only 50 feet per second, so that the relief of pressure 
is less than -Ol ton per square inch, which is too small to be of any consequence. Taking the whole 
range of the experiments the velocity of the pistons was generally of the order of 50 feet per second or 
less ; in a few instances it was of the order of* 100 feet per second, or even a little higher, but this was 
only when the driving pressure was very great, so that the relief of pressure was still proportionately small. 
It may be concluded therefore that the movement of the piston does not reduce the driving pressure ia any 
serious degree. The above way of looking at the matter is only justified when the diameter of the piston 
is small compared with the thickness of wave measured by the gauge, as it always is in the present gauges ; 
if the diameter of the piston were large compared with the thickness of wave measured by the gauge 
entirely different considerations would apply, and the effect of the velocity of the piston in reducing the 
pressure would be far greater. 

In calculating the results given by the gauges the pistons are assumed to be rigid. ‘This assumption 
is roughly justified by the fact that the time required for a pressure wave to travel from one end of the 
piston to the other is always very small compared with the time during which the pisten is receiving 
momentum from the external pressure. ‘he most unfavourable case is the GX gauge (Fig. 35) with 
f-inch pistons; in this case the time required for a pressure wave to trayel from one end of the piston 
to the other is abont four millionths of a second, while the time during which the piston is receiving 
momentum from the external pressure is of the order of 2 x 1074 second, or 50 times as long. It is 
perhaps desirable to go into this matter a little more fully. The movement of the piston at any moment 
can be resolved into (1) a uniform movement of translation, with a momentum equal to the time-integral 
of the force that has acted on the end of the piston, and (2) a state of distributed momentum, of which 
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the ulgé¢braic sum for the whole piston is zero, corresponding to an oscillation which travels up and down 
in the piston. If pressure has been applied to the end of the piston long enough for a wave to travel up 
and down the piston a number of times, the second movement will be very sinall compared with the first. 
The energy of movement (2) is gradually dissipated, a small fraction veing communicated at each oscillation 
to the water in contact with the exposed face of the piston, in which it produces alternate condensations 
and rarefactions, but this dissipation of energy does not involve any loss in the algebraic total momentum 
of the piston, which is entirely comprised in movement (1), and it is only this momentum that the gauge is 
required to measure. 

When the pistons of a gauge are driven in, the air in the gauge is compressed and offers a certain 
resistance to the movement. It is necessary to show that this. effect is negligible. As a typical example 
one may take the case of a GZ gauge with 1§-inch pistons; the volume of air in this gauge is 8 cubic 
inches ; if,the gauge is hung at a depth of 35 feet in the water the volume of air is reduced to 4 cubic 
inches ; when the six pistons are driven in, the volume of air is further reduced to 3 cubic inches; if this 
second compression is assumed to take piace adiabatically it absorbs 3-05 foot-pounds of energy; the 
greater part of this work, 2°45 foot-pounds, is supplied by the normal external hydrostatic pressure, and 
it is only the difference, 0-6 foot-pounds, that is taken from the kinetic energy of the pistons, amounting 
to a luss of 0-1 foot-pound by each piston ; this is a very small fraction of the energy of the piston, which 
in practice was generally from 5 to 10 foot-pounds. In most cases the error due to the cushioning effect 
of the air was less than in the above example ; it was generally smaller than | per cent. 

When a gauge of the kind described in Section 18 is put more than 50 or 60 feet deep, the water 
inside the gauge rises above the tops of the pistons. The gauges can, however, be used at greater depths 
if a few pellets of lead-sodium alloy (6 parts of lead to 1 of sodium by weight) are dropped into the 
air-chamber. This alloy reacts with water to generate hydrogen, and so keeps the air-chamber full of gas. 
The same device was used with the gauges described in Section 19, when these were at a depth of more 
than 40 feet. 
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POSITION of CHARGE C and GAUGES G 
(DISTANCES in FEET) 


SURFACE 


THOUSANOTHS OF A SECOND 


Fig. 1. 300 lbs. of 40/60 Amatol (D, Table VIII.); average of Shots 4, 8, 9, 29, 66; gauges 50 feet 
from centre of charge; maximum pressure = .80. 


Fig. 2. Diagram illustrating the effect of the tension wave reflected from the surface. 
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Fig. 3. an lbs. of 40/60 Amatol (D, Table VIII.); average of Shots 44, 45; pecans not so deep as in 
Fig. 1; gauges 50 feet from centre of charge; maxigum pressure = .82 


( DISTANCES in FEET) 
SURFACE 


THOUSANDTHS OF A SECOND 


Fig. 4. Ae lbs. of 40/60 Amatol (D, Table VIII.); average of Shots 14, 61, 72, 74, 82; charge not so 
leep as in Fig. 3; gauges 50 feet from centre of charge; maximum pressure = 82. 
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POSITION of CHARGE C and GAUGES G 
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Fig. 5. 300 lbs. of 40/60 Amatol (D, Table VIII.); Fig. 6. 300 lbs. of 40/60 Amatol (D, Table VIII.); rom 
average of Shots 15, 97, 99; charge still shallower Shot 64; charge on surface; gauges 50 feet from 

than in Fig. 4; gauges 50 feet from centre of charge; centre of charge; maximum pressure = . 8. 

maximum pressure = .77. 


POSITION of CHARGE C and GAUGES G 
( DISTANCES in FEET ) 


HEE 


aa 
—— 


HEE 


TONS PER SQUARE INCH 


efestsscreeseeae 


THOUSANDTHS OF A SECOND 
Fig. 7. 467 lbs. of 80/29 Am-tol (DX, Table VIII.); average of Shots 27, 28, 30, 38; gauses 50 feet 
from centre of charge; maximum pressure = The 
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Fig. 10. 267 lbs. of 80/20 Amatol (DX, Table VIII.); Shot 27; gauges 
50 feet from centre of charge and deeper than in Fig. 9; the rectan- 
the le?fect gular steps show the experimental results, the curve represents the 
expeneeiial wee the curve represents the e effect predicted by theory. 
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cies oa 267 lbs. of 80/20 Amatol (DI, Table VIII.); Fig. 11. 267 lbs. of 80/20 Amatol (DX, Table VIII.!; Shot 30; gauges 
Little aneeee a soee 4) centre of charge and 50 feet from centre of charge and deeper than in Fig. 10 but not so 
show the exrecinanted Stier ee meee deep as in Fig. 7; the rectangular steps show the experimental results, 
the effect predicted by theory pee the curve represents the effect predicted by theory. 
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Fig. 12. 300 lbs. of T.N.T. (AD, Table VIII.); average of Shots 11, 17, 25; gauges 50 feet from centre 
of charge; maximum pressure = .76. 
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Fig. 13. ae lbe. of 40/60 Amatol (G, Table VIII.); average of Shots 34, 35, 62, 65, 68; gauges 25 1/2 feet 
from centre of charge; maximum pressure = .78. 
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Fig. 14. 1900 lbs. of 50/59 Amctol (X4, Table VIII.); average of Shots 88, 90; gaures 14 1/4 feet froa 
centre of charge; meximum pressure = 1.77. 
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Fig. 15. 1900 lbs. of 50/50 Amztol (d4, Table VIII.); average of Snots 88, 90; gauges 92 1/2 feet from 
centre of charge; gaximum pressure = .85. 
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Shots 38, 90; gauges 185 feet from 


Fig. 10. 


1,990 lbs. of 59/50 Ametol (X4, Table VIII.); average of 
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Fig. 17. 1,400 lbs. of 80/20 


feet 


gauges 63 1/2 


from centre of charge; maximum pressure = 1.15; the broken line shows the curve for tiis size 
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average of Shots 85, 86, 87; 


Amatol (X5, Table VIII.); 


of charge at this distance predicted from the curve in Fig. 
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Fig. 18. 1600 lbs. of 80/20 Amatol (X5, Table VIII.); average of Shots 85, 86, 87; gauges 127 feet 
rom centre of charge; maximum pressure = .56. 
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Fig. 19. Calculated effect of a 5 ton charge of 50/50 Ametol under the conditions shown in tae inset 
diagram, tne pressure being taken at the point Z. 


TONS PFR SQUARE INCH 


TONS PER SQUARE INCH 


137 


POSITION of CHARGE C and GAUGES G 
( DISTANCES in FEET) 


THOUSANDTHS OF A SECOND 
2 1,000 los. of T.N.T. (M, Table VIII.); average of Shots 32, 33, 55, 59; gauges 75 feet from 
Bea a centre of charge; maximum pressure = .80; tne broken line shows the curve for this size of 
charge at this distance predicted from the curve in Fig. 12. 
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THOUSANOTHS OF A SECOND 
Fig. 21. 1,900 lbs. of T.N.T. (M, Table VIII.) on the bottom; Shot 75: gauges 75 feet from centre of 
charge; gaximua pressure = .97. 
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THOUSANDTHS OF A SECOND 
Fig. 22. 1,900 lbs. of T.N.T. (M, Table VIII.) on the bottom: Shot 78; gauges 75 feet from centre of 
charge; maximum pressure = 1.93; the broken line snows the effect of a 2,000 lb. charge of 
T.N.T., in mid-water, at the same distance, calculated from the curve in Fig. 20. 
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Fig. 23. 1,900 lbs. of T.N.T. (M, Table VIII.); Shot 55; gauges 250 feet from centre of charge; tne 
rectangular steps show the experigental results, the curve represents tne effect preaicted 
by theory. 
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THOUSANOTHS OF A SECOND 

Fig. 24. Tnree 300 lb. charges of 40/60 Amatol lashed together in a bunch (X2, Table VIII.); average of 
Shots 50, 58; gauges 72 feet from centre of charge; aaximum pressure = .78; the broken line 
shows tne effect of a single 900 lb. charge, at tne same distance, calculated from the curve 
in Fig. 1. 
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THOUSANOTHS OF A SECOND 
Fig. 25. Three 300 lb. cnarges ot 40/60 Amatol lashea together end to end (X3 Table VIII.); 
Shots 81, 83; gauges 72 feet from centre of charge and in the direction of the lengtn of the 
charge from the primed end towards the unprimed end; maximum pressure = .65. 
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Fig. 26. Three 300 1b. charges of 40/60 Ametol lashed togetner end to end (X3, Table VIII.); average 
of Shots 81, 83; gauges 72 feet from centre of charge and in tne direction of the length of the 
charge from’ the unprieed and towards the prised end; saximum pressure = .58. 
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Fig. 27. Three 300 lb. charges of 40/60 Ametol lashed togetner end to end (X3, Table VIII.); average 
of Shots 81, 83; gauwes 72 feet from centre of charge and in a direction at right angles to 
the length of tne charge; waximum pressure = .74, 
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Fig. 28. 320 lbs. cf 40/60 Amatol surrounded by an air chamber (H2, Table VIII.); average of Shots 
20, 49, 53, 57; gauges 50 feet from centre of charge; saxisum pressure = .7%6. 
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Fig. 29. 820 lbs. of 40/60 Amatol (X7, Table VIII); average of Shots 34, 37, 48, 52; gauges 59 feet from 
centre of charge; maximum pressure = .79; the broken line shows the effect of an 820 lb. charge 
at tais distance calculeted from tne curve in Fig. 1. 
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N of CHARGE C and GAUGES G 
(DISTANCES in FEET) 


TONS PER SQUARE INCH 


THOUSANOTHS OF A SECOND 
Fig. 30. 212 lbs. of wet guncotton surrounded by an air chamber (X9, Table VIII.); average of Shots 
60, 6 


3, 67; gauges 50 feet from centre of charge; maximum pressure = 61, 
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Fig. 31. 272 lbs. of R.D. Wo. 30 Mixture (Ammonius perchlorate 78, aluminium Feit 6, peenatein 
wax 16) surrounded by an air chamber (8, Table VIII.); ven of Shots 69, 71, 94; 
gauges 50 feet from centre of charge; saxisue pressure = 
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POSITION of CHARGE C and GAUGES G 
(DISTANCES in FEET) 


10 


THOUSANDTHS OF A SECOND 
Fig. 32. 500 lbs. of gunpowder (X6, Table VI{I.); average of Shots 92, 93; gauges 30 feet from centre 
of charge. 


POSITION of CHARGE C and GAUGES G 
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THOUSANDTHS OF A SECOND 
Fig. 33. 300 lbs. of 40/60 Amatol (D, Table VIII.); Shot 4; gauges 59 feet fron centre of charge. 
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Fig. 34 
G gauge; A, piston of tool steel, hardened and tempered blue and ground to size, with sharp edges 
removed, length 3 inches, diemeter .498 inch; this piston works in a central 1/2-inch hole must 
both be cleaned quite free from oil before use; B, screw and two steel washers (No. 3 BA) project- 
ing 1/3Z inch over piston hole to support piston; C, annealed copper cylinder, .5 inch long, .32 
inch diameter; D, corrugated jacket made from sheet brass .004 inch thick, length 5/16 inch, in- 
ternal diameter 5/16 inch, external diemeter 7/16 inch; in addition to centering the coppers, 
these jackets serve to attech paper slips printed with identification numbers; when expanded by 
use these jackets are restored to size by passing through a cone; E, eyebolt, which acts as an 
anvil; when this is screwed home its face is 5 192 inches from the bottom of the gauge; F, eir- 
tunnels 1/4-inch diemeter, communicating with G, four holes, 5 inches long, 1/2 inch diameter, 
closed at the bottr by H, screw stoppers, each pierced by an aperture, 1716 inch diameter, 

which water enters until the internal and external pressures are equal. The body of the 
gauge is of mild steel, the eyebolt of tool steel. 
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Fig. 35 


GX, GY and GZ gauges; A, 5ix piston holes, 1/2 inch diemeter; 
B, self-centreing steel washer, overlepping all the piston 
holes 1/32 inch; C, eyebolt; the anvil face is 1.3 inches from 
the bottom of the gauge; D, annuler air-chamber, 5/8 inch from 
top to bottom, 13/32 inch from inner to outer radius; this 
chamber communicates with the space below the anvil by six 
tunnels, 1/4 inch diameter, which are staggered between the 
piston holes; E, eperture, 1/8 inch diameter, for admitting 
water to the air-chamber. The foregoing dimensions refer to 
the GX gauge, which is shown in the figure; the GY end GZ 
geuges are similar but longer, differing only in the following 
dimensions--in the GY gauge the air chamber is 7/8 inch from 
top to bottom and the anvil face is 2 inches from the bottom 
of the geuge; in the GZ gauge these two dimensions are 1 5/8 
inch and 3 inches respectively. The pistons used in the GX 
gauge are 3/4 inch or 21/32 inch long; in the GY gauge 1 11/32 
inch or 1 5/32 inch; in the GZ gauge 2 1/8 inch or 1 5/8 inch. 
Except as regards length, the pistons are similar to those 
used in the G gauge, Fig. 34. 


145 


ta’ 


VEE= 


dda 
si 
ail 


VLU 


OLLI 


S 


Lp 


ASS 


i 


CLLLLLLLL 


Yuu 
NG 


XE $5 | 
ISSSXSSSSSS 


Fig. 36 


GA and GB gauges; A, three piston holes, 1/2 inch diameter; 
B, three pairs of steel washers (No. 0 BA), each pair posi- 
tioned to overlap two adjacent piston holes 1/50 inch; 

C, eyebolt; the anvil face is 5 1/2 inches from the bottom 
of the gauge; D, annular airchamber, 3 5/8 inches from top 
to bottom, 5/16 inch from inner to outer radius; E, three 
air tunnels, 5/16 inch diameter, staggered between the 
piston holes, connecting the air chamber with the space be- 
low the anvil; F, aperture, 1/8 inch diameter, for admitting 
water to the air chamber. The foregoing dimensions refer to 
the GA gauge, which is shown in the figure; the GB gauge is 
Similar but longer, the air chamber being 9 inches from top 
to bottom, and the anvil face 10 3/4 inches from the bottom 
of the gauge; also, in the GB gauge, the air chamber has a 
central flange to guard against collapse of the outer wall 
under strong external pressure; this flange is mutilated to 
give ample air connexion between the upper and lower halves 
of the chamber; the pistons used in the GA gauge are 4 1/4 
inches or 3 inches long, in the GB gauge 8 3/4 inches or 

6 1/4 inches. 
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Fig. 38 


Q, gauge; A, plasticine; B, oblique aperture, 
4/16 inch diameter, for equalizing internal 


and external pressure. 


Fig. 39 


Fig. 37, 
GF, GH and GJ gauges; A, rectangular steel body; 
B, two recesses, 1 1/2 inch diameter, .65 inch 
deep; C, cast steel plate, 1.496 inch diameter, 
1/8 inch thick, with central 3/8 inch hole; 
D, three jacketed coppers (as in Fig. 34) in each 
recess; E, brass spacing plate, with three 23/64 
inch holes on a 1 inch pitch circle for position- 
rs; F, 1/4 inch steel screw, diameter 
of head ish inch, for clamping the steel plate 
against the three coppers. foregoing digen- 
sions refer to the gauge, which is shown in the 
figure; the GH gauge is similar but has plates 5/8 
inch thick and recesses 1.15 inch deep; the GJ 
gauge has plates 3/8 inch thick, and a ring of 9 
coppers in each of the two recesses, which are .9 
inch deep. 


GZ gauge modified for measuring the pressure wave 
reflected from the sea-bottom; the figure is a 
view of the bottom of the modified gauge. 
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Fig. 40. Diagram showing the layout of Shots 88, 90 (1900 Ibs. of 50/50 Amatol) ; all distances are marked 


in feet. 


CHARGE . 


Fig. 41. Method of suspending a long charge (Shots 81, 83). 
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Fig 42. Diagram showing the layout of a bottom shot (Shots 75, 76, 78) ; all distances are marked in feet. 


Fig. 43. Diagram showing the layout of Shot 105, for measuring the velocity of the pressure wave; A, A. 
contacts; B, water-tight box containing chronograph, etc. ; C, raft consisting of a plank lashed 
across a pair of barrels ; D, 4-wire cable from box to ship ; ‘all distances are marked in feet. 
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10 Feer AfarT 


Two Contacts 


FLOATING Box. 


Fig. 44. Circuit arrangements of Shot 105; they are generally similar to those shown in Fig. 49. 


Ruaser Briss RvusBer RupBer Roeper Brass Rusper 


Fig. 45. Contact used in velocity measurements ; strips of brass and rubber were assembled in the order 
shown, the rubber strips being cemented together by painting them with naphtha ; B, is a section 
of the assembled contact on the line A, A, the thickness being much exaggerated ; actually the 
contact was about } inch wide and 5/32 inch thick. 
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Fig. 46. Diagram showing the disposition of the explosive in some of the charges listed in Table VIII. 


ue; E, piston;. F, screw-cap; G, rubber tube: 


about 50 cubic inches; J, pressure gauge ; K, anvil weighing 


H. pioch-valve ; I, aur reservow, 
140 Ibe. 


Fig. 47. Pneumatc gun; A. wooden frame: B. shot-san barrel, 30 inches long, “726 inch internal 
diameter ; C, cross n 
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Fig. 48. Spark chronograph; A, electric motor; B, flanged chronograph drum; a st-ip of paper is Atted 
round the drum and the ends are passed through a slot C and clamped by a sliding spring chp D ; 
the most suitable paper is the black-surfaced kind used for linings books; E, four spark-points, 
1/32 inch clear of drum; F, iron crown wheel with 10 teeth; G. magnet and coil. 
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Fig. 49. Chronograph circuits ;. A, contacts ; B, condensers (4 microfrrads each) ; C, resistances (106 ohins 
each); D, transformers; E, spark chronograph; F, tuning-fork; G,H, wound magnets ; 


J, microphone ; J, telephone. 
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Fig. 50. Two sections of the copper calibration curve, showing the actual calibration results with pistons 
of different weights, (I) 224 ounces (2) 44 ovnces, (3) 3 ounces, (4) 14 ounces. 
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o. O1e—Shot 102: photowraph of the * plimes ” (150 Fig. 52.--Shot 98; photograph of the “plumes” (160 feet 
Ie. photogray | } I 1 | ; 
fect hight thrown up by a 272-[b. cliargeo! Ammoninm high) thrown up by a 800-1h. charge of 40/60 Amatol 
perchlorate 34h feet below the suctace 314 feet helow the surface. 


Fic, 53 --Shot 69; photograph of the dome ~ 
(29 feet high) thrown up by a 272-Ib. charge 
of Ammonium perehlorate 345 feet below the 
surface. 


Fie. 54—-Shot 14: 209-1b, charge of 40/60 Armatol 10 feet Fic. 55.—Shot 34: photograph of the * plumes” (85 feet 


deep: the photograph shows the * plumes” beginning to high) thrown up by a 40-Ib., charge of 40/60 Amatol 
break through the * dome“ before the latter has reached 1§ feet below the surface. 


its full height: at the moment shown the upheaval is 
795 feet high, it eventually rose to 300 feet. 
AS TION 
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Fic. 56.—Shot 91; 500-Ibs. of eanpowder 344 feet below the surface. showing 
the first effect of the arrival of the burnt gases at the surface ; the mound 
‘ot water is 18 feet high. 


Fie. 57.—Shot 92: showing the “plumes” (90 feet high) threwn wp by & 
500-Ib. charge of ganpowder 10 feet helow the sarface. 


Fic. 58.—Shot 64 ; 300-Ib. charge of 40/60 Amatol fired on the surface ; the 
cloud, whieh ix 100 feet high iu the photograph, eventually rose to 300 feet. 
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Fic. 59.—Shot 99; 300-Ib. charge of 40/60 Amatol 5 feet below the surface; the 
“*Malapert” (on left) is at the same distance as the spray-fountain, which is 
650 feet high. 


Fic. 60.—H.M. Drifter “* Malapert.” 
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Fic. 61.—Shot 88 ; 1,900-lb. charge of 50/50 Amatol 64 feet below the surface ; 
the “ plumes ”’ are 220 feet high. 


Fic. 62.—Shot 89 ; 1,900-Ib. charge of 50/50 Amatol 64 feet below the surface ; the “dome” is 53 feet high. 
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Fic. 63.— Photograph of an 11 4 mine case. Fic. 64.—Photograph of an H+ mine case which had 
been put down at a distance of 126 feet from a 
1,600-lb. charge of 80/20 Amatol. (Shot 83.) 


Fic. 65.—Photograph showing the method of 
hanging the gauges on a wire rope. 
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REPORT ON UNDERWATER EXPLOSIONS 


INTRODUCTION 

The purpose of this report is to collect in compact form what is known 
concerning certain practically important aspects of underwater explosions and their 
effects. After a few remarks concerning the role played by density changes in the 
motion of water, the typical sequence of events in an underwater explosion will be 
sketched. Then the principal parts of the sequence will be discussed in detail. For 
convenience of reference, the relevant parts of the theory of elastic waves in fluids 
are summarized in Appendix I. A bibliography of the most important publications on 
underwater explosive phenomena is given at the end of the report. 


UNITS 

Except where otherwise specified, all equations and mathematical expres- 
sions will be written in terms of absolute units, which may be thought of either as 
cgs units or as English gravitational, i.e., foot-slug-second units. When the English 
gravitational units are used, all pressures must be converted into pounds per square 
foot, and masses in pounds must be divided by g = 32.2. Numerical results will be 
cited always in English units. The density of water of specific gravity 1 is 


1.940 slugs per cubic foot 
For convenience a few equivalents are given here 


1 kilogram per square centimeter = 14.22 pounds per square inch 
14.50 pounds per square inch 


iT] 


10° dynes per square centimeter 


1 meter = 3.281 feet 
1 pound = 453.6 grams 
1 English ton = 2240 pounds 


I. GENERAL SURVEY 
1. TYPES OF MOTION 


I. GENERAL SURVEY 
1. COMPRESSIVE AND NON-COMPRESSIVE MOTION OF WATER 

The motion of water usually involves changes in its density. These changes 
may or may not have to be taken into consideration in discussing the motion. 

For the sake of convenience, the term compressive motion will be applied 
to motion in which the changes of density play a prominent role. The typical example 
of such motion is sound waves, which consist of alternate compressions and rarefac- 
tions propagated through the water at high speed.* The particle velocity, or velocity 


* about 4930 feet per second in sea water at 15 degrees centigrade or 59 degrees fahrenheit. 


162 
I. GENERAL SURVEY 2 
1. TYPES OF MOTION 


of the water itself, is usually much less than the speed of propagation of the waves. 
In a train of waves traveling in one direction, the water in a region of compression 
is moving momentarily in the direction of propagation of the waves; in a rarefaction, 
the particle velocity is backward (opposite to the direction of propagation). The 
variations of pressure involved in ordinary sound waves are very small. 

It is always possible to regard changes in the pressure of water as propa- 
gated through the water by a succession of small impulses moving with the speed of 
sound. In many types of motion, however, the time required for the propagation of 
such an impulse is so short as to be negligible, and the changes of density themselves 
may also be unimportant. 

The term non-compressive may be applied to motion of such character that it 
is sufficiently accurate, first, to treat the medium as incompressible, and second, 
to assume that pressure applied to the boundary of the medium is propagated instanta- 
neously to all points of the interior. Examples are the motion of water around a 
ship, or the flow of water in pipes that are not too long. 

As a convenient criterion it may be said that the motion of water will be 
essentially non-compressive whenever the motion changes little during the time re- 
quired for a sound wave to traverse the scene of action. At the opposite extreme, 
whenever a mass of water changes its motion considerably during the time required for 
a sound wave to traverse the mass, changes in density must usually be allowed for and 
the laws of compressive motion mist be applied. 


I. GENERAL SURVEY 
2. EXPLOSION PHENOMENA 


2. SEQUENCE OF EVENTS DUE TO AN UNDERWATER EXPLOSION 

We are far from possessing complete experimental or theoretical knowledge 
of whet occurs in an underwater explosion. The general sequence of events appears to 
be as follows. 

When a mass of explosive material detonates, it almost instantly becomes 
gas under a very high pressure (1 or 2 million pounds per square inch), without ap- 
preciable increase in volume. The exploded gas then begins to expand and compresses 
the layer of water next to it; at the same time this layer of water is given a high 
velocity outward, perhaps 3000 feet per second. The layer of water, moving outward, 
then compresses the next layer and also accelerates it outward,and so on. In this 
way a state of high pressure and large particle velocity is propagated outward as the 
front of an impulsive wave. 

The gas globe, pressing:continually on the water, can be imagined to send 
out a succession of impulses of this sort, all of these impulses blending into a con- 
tinuous wave. The pressure of the gas falls as the gas expands, however. Hence the 
meximum pressure and maximum particle velocity occur at or near the front of the wave, 
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as indicated roughly in Figure 1. The impulsive wave or pressure wave, as it is con- 
monly called, travels eventually at the speed of sound, and may then be regarded as 
an intense sound wave; but at first its velocity should be much greater than the or- 
dinary speed of sound. As the wave moves outward, both the pressure and the particle 
velocity in it decrease; when the distance r from the center exceeds about 10 times 
the radius of the mass of explosive material, the decrease is nearly in proportion to 
1/r, as in ordinary sound waves, but at first the rate of decrease should be much 
greater. The length of the pressure wave in the water, according to Hilliar's mea- 
surements, Cie is of the order of 10 times the radius of the original mass of ex- 
plosive; hence at a given point the duration of the pressure is one to several mil- 
liseconds. 

The form of the pressure wave as indicated by Hilliar's measurements is 
shown in Figures 1 and 2. Figure 1 refers to a brisant explosive such as TNT. Fig- 
ure 2 shows the wave from black powder, in which the rise of pressure is more gradual. 
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Figure 1 - From a Brisant Explosive Figure 2 - From Black Powder 


The ordinate shows the pressure in the impulsive wave as observed at a given 
point in the water, as a function of the timet. 


The same figures also serve to represent the distribution of pressure in 
the water at a given instant, in a wave being propagated toward the left. 

The true curves, however, are doubtless more or less wavy or even oscilla- 
tory. Furthermore, several lines of evidence point toward the occurrence of repeated 
impulses, following each other at intervals much longer than the time occupied by one 
impulse. These impulses are believed to be due to oscillations of the globe of ex- 
ploded gas. 
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3. THE AFTERFLOW 
It is well known that in a spherical wave the particle velocity consists 
of two components (Appendix I, Section 1; topic: Spherical Waves). One component 


* Numbers in parentheses indicate references at the end of this report. 
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is exactly proportional to the excess pressure, as in plane waves. The second compo- 
nent represents an additional motion that is left in the water by the wave as it trav- 
els outward. This component, possibly representing the "surge" of some writers but 
called here the afterflow, tends to be inversely proportional to the square of the 
distance from the point of origin of the waves. The afterflow is important, there- 
fore, only close to the source. 


II. THE EXPLOSION| 


II. THE EXPLOSION 

It will be assumed that the explosion process is of the type called deto— 
nation. In such a process a detonation wave, initiated at one point, sweeps through 
the explosive material. The front of the detonation wave is extremely steep. Each 
particle of the material, as the front passes over it, undergoes a sudden and fairly 
complete chemical change, its temperature and pressure rising to very high values; at 
the same time the intense pressure gradient in the detonation front imparts to the ma- 
terial a high forward particle velocity. Behind the detonation front, the pressure, 
temperature and particle velocity tend to fall off gradually to lower values, which 
are determined in part by conditions elsewhere in the exploded material. 

The velocity of propagation of the detonation wave, or detonation velocity , 
D, is a constant for a given kind and density of material, provided the dimensions of 
the mass are not too small. Observed values of D for several substances, and a few 
estimates (not very reliable) of the maximum pressure p,, and centigrade temperature 
tm in the detonation front, are as follows (1), (2) and (13) [cf. also (20)]: 


Picric Acid TNT 


20, 700 23, 700 22,700 
1.61 x 106 
3780 


D, feet per second 
Pp, » pounds per square inch 


t,,, degrees centigrade 


When the detonation wave reaches the surface of separation between the ex- 
plosive and the water, it is partly continued as a wave of high pressure in the water, 
partly reflected as a wave of expansion traveling back through the exploded gas. The 
initial pressure in the water wave, however, should be considerably less than the 
pressure in the detonation wave itself. 

The waves set-up in the gas globe may strike the surface of separation be- 
tween gas and water repeatedly, and in this way oscillations may be produced in the 
pressure wave that is sent out through the water. Furthermore, in actual cases, the 
detonation wave may reach different parts of the surface of the explosive at differ- 
ent times, depending upon the shape of the mass of explosive and the location of the 
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point of firing. The order of magnitude of the period of oscillations due to such 
causes may be estimated very roughly by dividing twice the diameter L (in feet) of 
the mass of explosive by an estimated average velocity of 10,000 feet per second, 
giving a period of 2L/104 seconds, or about 10~ seconds for ordinary heavy charges. 

The statements made in this section concerning the explosion process rep- 
resent, for the most part, theoretical conclusions. Little is known experimentally 
beyond the values of the detonation velocity D, nor have many theoretical calcula- 
tions been made. Plausible equations, differential and algebraic, can be set up, 
but their solution requires numerical integration. 


The calculation of G. I. Taylor 
2.5, 


deserves mention (3). He considers the is | 

case of a sphere of TNT in which the deto- 

nation is initiated at the center. The re- ae 

sulting distribution of pressure p and of SC Hig? 
outward particle velocity u are shown in a i F :, 
Figure 3. The abscissa represents x = r/R, 2 at 
or the ratio of the distance r from the aot = 
center of the sphere to the distance R of 4 Ne 
the detonation front from the center. Ma- 2 
terial for which r>RF is not yet detonated. 

The same plot holds good at all times, un- 2 2 ath 6 ? ie 
til the detonation front reaches the sur- Figure 3 - Detonation of TNT Sphere 


face of the sphere of explosive. As time 

goes on, the point r = R moves outward at the detonation velocity D. At any instant 
the exploded material is at rest within a sphere whose radius is 2/5 that of the det- 
onation front. No experimental evidence exists to check these results. 
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III. THE PRESSURE WAVE AND AFTERFLOW IN THE WATER 

Only a few observations and calculations have been made of the wave pro- 
duced in water by an explosion. Experimental observations are made difficult by the 
fact that the density of the material composing the instrument is necessarily com- 
parable with the density of the medium in which the wave exists, in contrast with the 
case of blast waves in air. Theoretical calculations are hampered both by lack of 
knowledge of the properties of matter under very high pressure and by mathematical 
difficulties. 

Properly to understand the phenomena requires familiarity with certain 
physical ideas and theoretical results concerning compressive waves. For convenience 
of reference, these ideas and results are collected together in Appendix I, and fa- 
miliarity with the material in that section will be assumed. 
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1. OBSERVATIONS ON THE PRESSURE WAVE 
ABBOT'S OBSERVATIONS (1869-1881), (4), the first extensive investigation, 
are chiefly of historical interest, because the interpretation of his data is open 
to question. The following conclusions from his work may be cited. 


(a) Gunpowder gave erratic results, but the results produced by dynamite 
or guncotton were very consistent. 


(b) The "mean" pressure in the water was found by Abbot to vary in proportion 
to the linear dimensions of the charge, and as 1/r‘* where r is the distance of the 
point of observation from the center of the explosion (more recent work indicates a 


variation as 1/r). 


The following remark may also be quoted from his report as constituting 
early evidence pointing toward a multiplicity of some sort in the pressure wave: "It 
is a general characteristic of small and deeply submerged charges of the explosive 
compounds, and of some quick-acting explosive mixtures as well, that at the instant 
of detonation, before any disturbance of the water at the surface is visible, three 
sharp sounds are heard... . of nearly equal intensity," the interval of time be- 
tweea the last two being shorter than that between the first two. He states also 
that successive impulses are felt by a person standing in a boat. 

HILLIAR'S OBSERVATIONS, (1), published by the English Department of Scien- 
tific Research and Experiment in 1919, are the best so far available. The report in- 
cludes observations of the pressure wave, of the surface effects, and of relative 
damage to targets. 

The pressure wave was studied chiefly by means of what might be called 
"impulse crusher gauges." The working part was a steel piston several inches long 
and half an inch in diameter, set in motion by the water pressing on the outer end. 
After traveling a known distance, the piston struck a short cylinder of copper. From 
the shortening produced in the copper the final velocity and momentum of the piston 
were calculated. The momentum was taken as a measure of the impulse {pdt in the wave 
from the start up to the instant at which the piston struck the copper. The coppers 
were calibrated by striking them with pistons moving at measured velocities. The 
shortening was found to be proportional to the energy of the blow, regardless of the 
weight of the piston. By using several gauges with pistons having various distances 
of free travel, all mounted at the same distance from the explosion, various portions 
of the total impulse could be measured; and from the calculated values of the final 
velocities of the pistons and their distances of travel, the times could be calculated. 

Maximum pressures were also measured with a crusher gauge in which a plate, 
actuated by the water, crushed a copper with which it was initially in contact. 

There is a possible source of error in the use of such gauges which is not 
discussed by Hilliar. Since the pistons moved parallel to the wave front (vertically), 
they would be caused to press against the wall of the hole owing to acceleration of 
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the gauge by the pressure gradient in the water, and so would be retarded by friction; 
furthemore, elastic oscillations in the gauge may be set up, with the same result. 
The indications of the gauge would thus be made too small. As a matter of fact, a 
systematic discrepancy of 10 to 15 per cent was noted between the indications of the 
impulse and the maximum-pressure gauges. This was overcome by arbitrarily reducing 
the indications of the maximum-pressure gauges by 10 per cent. Perhaps the correc- 
tion should have been reversed. 

For comparative observations, use was also made of simpler gauges in which 
a mass of plasticine was extruded through a hole by the pressure of the water, this 
mass being subsequently weighed. 

A typical curve thus obtained, representing the average from 3 shots, is 
shown in Figure 4. The curve is drawn by estimation through the rectangles, which 
correspond to successive portions of [pat. The gauges were 50 feet from the charge. 


Time in Milliseconds 


Figure 4 


The following features of the behavior of the pressure wave were inferred 
from the observations: 


(a) Law of Similarity. Charges of various sizes produce equal pressures at 
distances and at times which are in proportion to the linear dimensions of the 
charges. 


(b) Variation with Distance. The magnitude of the pressure wave decreases in 
the inverse ratio of the distance r from the charge, at least if r lies between 30 
and 120 times the radius of the charge. 
Because of these simple features, it can be deduced from the observations 
that the maximum pressure due to W pounds of amatol or TNT at a distance of r feet 
is about 
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me 
Pm = 13,000 — pounds per square inch 
rT 
(c) Velocity. The velocity of the wave is nearly that of sound, within the 
range specified. 


(d) Regularity and Symmetry. The pressure wave does not vary much from one 
charge to another of the same kind and size, and it is spherically symmetrical, pro- 
vided the charge is approximately symmetrical. When the charge is decidedly elon- 
gated or flattened, the pressure wave is not quite the same in different directions 
from the charge. The observed differences due to this cause, or to initiation of the 
detonation on one side, can be explained qualitatively by imagining the pressure wave 
to be made up of component waves emitted by the various parts of the charge, and then 
allowing for the differences in the time of travel of the component waves. Thus the 
wave from a long rod detonated at one end would be strongest but of shortest duration 
at points lying on the prolongation of the axis and in the direction of travel of the 
detonation wave, and weakest but of greatest duration in the opposite direction. If 
a maximum effect were desired in a particular direction, the best shape would probably 
be a curved disk, concave toward the side of the given direction, detonated at the 
center. 

Surrounding a 320-pound charge of amatol with four times its own volume of 
air at atmospheric pressure produced little effect on the pressure wave. 


(e) Reflections. When the charges were fired rather close to the surface of 
the water, the pressure wave was observed to be cut off at a time corresponding to 
the arrival of the wave reflected from the surface of the water. According to acous- 
tic theory, the reflected wave should consist of a rarefaction which is the mirror 
image in the pressure axis of the incident pressure wave, atmospheric pressure being 
taken as zero. 

Actually, although the positive pressure instantly disappeared at the calcu- 
lated moment of arrival of the reflected wave, the maximum negative pressure observed 
did not exceed 90 pounds per square inch below the hydrostatic pressure at the level 
of the gauge. There is known to be a rather low limit to the negative pressure that 
water can stand, without the occurrence of cavitation, when it is in contact with 
solid objects. Very likely cavitation occurred around the gauges used in these ob- 
servations and the true negative pressure occurring in the water was not indicated. 

Reflection from the bottom was also observed. The pressure reflected from 
a mud bottom was only 0.4 times that in the incident wave. On the other hand, when 
a charge of 1000 pounds of TNT was laid directly on a sand bottom at 10 fathoms, the 
pressure wave was not much less than that to be expected from a 2000-pound charge 
surrounded by water. This is understandable, for the situation in question could be 
imitated roughly by passing a rigid diaphragm through the center of a 2000-pound 
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charge and the surrounding water and then removing the charge and water on one side 
of the diaphragm. 


(f) Various Explosives. Amatol and TNT were found to emit very similar pres- 
sure waves. Guncotton and ammonium perchlorate gave considerably lower pressures, 
but the pressure from ammonium perchlorate was observed to fall off with time much 
less rapidly than that from TNT. 

Gunpowder gave a pressure curve of rounded form, without a steep front, as 
in Figure 2. The pressures were also much less. 

Hilliar's report has been summarized rather extensively here because no 
other comparable-series of observations has been reported, and there is no evidence 
as yet of large errors in any of his conclusions. 
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2. MULTIPLE PRESSURE WAVES 

Considerable evidence has accumulated showing that an underwater explosion 
produces not one but several pressure waves of comparable magnitude. Besides the 
common observation that several sounds are heard, repeated impulses have been seen 
on oscillograph records. It was observed that the periods between successive im- 
pulses grew shorter; also that the period diminished with increasing depth of the 
point of explosion below the surface of the water. Moving pictures of a model boat, 
below which a charge was detonated, showed the boat to be kicked upward several times, 
at intervals of about 1/20 second. 

The multiple impulses are probably due to oscillations of the gas globe. 
Such oscillations have been observed to occur, but the observations of Ramsauer (5) 
and of Ottenheimer (6) will not be discussed here because their interpretation is 
not wholly clear and the problem is under investigation at the present time. 

Observations of the pressure wave need to be extended to cover these sec- 
ondary parts of the pressure wave. It is important to find out whether the second 
impulse is larger than the first, and whether there is a difference in wave forn. 
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3. QUALITATIVE THEORY OF THE PRESSURE WAVE 
An exact theory of the motion of the water produced by an explosion can be 
constructed only by laborious methods of numerical integration. The main features to 
be expected in the phenomenon can be predicted, however, by means of reasoning based 
on the elementary principles of compressive waves and of hydrodynamics. The quali- 
tative theory thus obtained will first be described, for purposes of orientation. 
Then the important phases of the process will be discussed in more exact terms. 


170 


III. PRESSURE WAVE 10 
3. QUALITATIVE THEORY 


When the detonation wave in the explosive reaches the surface of separation 
between explosive and water, it compresses the adjacent layer of water almost instan- 
taneously and at the same time gives to it a high velocity outward. The outward rush 
of this layer then compresses the next layer, and at the same time the high pressure 
in the first layer gives a high velocity to the next layer. Continuation of this 
process results in the propagation of a state of high pressure and large particle ve- 
locity outward as the front of a diverging spherical pressure wave in the water. As 
the wave moves outward and becomes spread out over progressively larger areas, its 
intensity decreases, ultimately in inverse ratio to the distance from the center. 
Meanwhile, the gas maintains the water next to it at a high pressure, and the state 
of pressure and of motion in this water is continually propagated outward to form 
subsequent portions of the pressure wave. 

As the gas expands, however, its pressure falls; the expansion should be 
nearly adiabatic, because of the rapidity of the expansion. The laws of ideal gases 
will not apply at first, however, because the density is then almost equal to that of 
the solid explosive. In the pressure wave, therefore, the pressure and the particle 
velocity should decrease behind the front. Thus a short time after the explosion 
occurs the distribution of pressure p and of outward particle velocity u in the water 
should be somewhat as shown in Figure 5, provided elastic oscillations within the 
gas globe itself are ignored; the abscissa r represents distance outward from the 
center of the original explosive mass, which is assumed spherical. The distance 
marked "gas" is the radius of the globe 
of gas at the instant in question; pressure 
and particle velocity within the gas are not 
shown. The distance marked "original solid" 
is the radius of the original sphere of ex- 
plosive material. 

As the gas continues to expand, 


0 Radius r its pressure will eventually sink to the 
hydrostatic pressure p, proper to the depth 
at which the explosion occurs. If we were 


Figure 5 


dealing with a one-dimensional case and hence with plane waves, the particle velocity 
u would now be zero and the expansion of the gas globe would cease. 

In the case of diverging waves, however, we have to reckon with the "after- 
flow," described in Appendix I, Section 1, topic: Spherical Waves. The passage of 
a spherical pressure wave through the water leaves the water flowing outward, with a 
velocity roughly proportional to the inverse square of the distance from the center. 
Perhaps the pressure wave itself is to be identified with the Phase 4 of some writers, 
and the afterflow with Phase B or the "surge." The term afterflow is preferred here 
because, after all, even in the pressure wave there occurs a powerful, albeit short- 
lived, forward "surge" of the water. The distribution of pressure p and of result- 
ant particle velocity u, including the velocity of afterflow, at the instant when p 
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has sunk to p, at the l 
gas globe, should be, 
therefore, somewhat as Solid 
shown in Figure 6, in | 
which the scale of 
abscissas is reduced 
relative to that of 0 
Figure 5. 

The after- 
flow has two effects: 

The motion of the water due to the afterflow tends to modify the distribu- 
tion of pressure roughly as if by adding to it a component proportional to — yeu 


Radius r 


Figure 6 


( p= density, u = particle velocity), as in the Bernouilli equation of ordinary hy- 
drodynamics. Since u decreases in an outward direction, this effect tends to in- 
crease the pressure in the water as compared to that of the gas and so to prolong the 
pressure impulse. It can be said that an excessive amount of momentum is taken up at 
first by the water near the gas and is then paid out as this water moves outward and 
slows down. 

The second effect of the afterflow will be that a large part of the energy 
originally in the exploded material is not carried off by the pressure wave but re- 
mains behind in the water in the form of kinetic energy. Hence the water will con- 
tinue to flow outward after the gas pressure has sunk below the hydrostatic pressure; 
it will flow outward until, after the lapse of a comparatively long time, it is 
brought to rest by the action of the hydrostatic pressure. 

The gas pressure having now become very small, the hydrostatic pressure 
will start the water moving inward, and the gas globe will thus be compressed again. 
During this second stage of compression, a second intense pressure wave will be emit- 
ted. The gas globe may oscillate in this fashion a number of times. The situation 
may be compared to a mass, representing the inertia of the water, mounted on two op- 
posing springs, a powerful one, the gas, that ceases to act beyond a short distance, 
and a very weak one, the hydrostatic pressure. The weak spring will undergo large 
displacements, but, given time, it will get the mass moving inward again and so will 
eventually restore the initial state of high compression of the strong spring. 

During each of the expansion phases, negative pressures (relative to the 
hydrostatic pressure as zero) will be transmitted to a distance. Thus we are led to 
expect that observation at a distance will reveal a succession of strong pressure im- 
pulses, separated by relatively long periods, during which both positive and negative 
pressures of moderate amplitude occur. The first impulse should have a steep front, 
whereas the subsequent ones should have rounded tops and should be progressively 
weaker. 
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The theoretical picture of the pressure as a function of the time thus ob- 
tained is sketched in Figure 7. It appears to agree at least roughly with the facts. 


PRESEN) PSI [0 aren. i A a 
Radius r 
Figure 7 
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4. THE LAW OF SIMILARITY 

The exact equations for the motion of non-viscous fluids lead to the same 
law of similarity that was established experimentally by Hilliar (Section 1, preced- 
ing). If the linear dimensions of the exploding charge are changed in the ratio z, 
without other change, the pressure curve previously obtained at a distance r from 
the center of the charge should now be obtained at a distance zr, except that all 
times will likewise be changed in the ratio z. The energy and the impulse,|pdt , 
carried by the wave will, therefore, also be z times as great. Since the wave covers 
a spherical surface z* times as great, the total amount of energy is thus proportional 
to z° or to the weight of the charge. 
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5. A CALCULATION OF THE FIRST IMPULSE 

The only available quantitative calculation of the first pressure wave 
seems to be that made in England by Penney (7). He starts with a spherical mass of 
TNT having a radius of 1 foot and hence a weight of 390 pounds (specific gravity 
= 1.565). Instead of solving the detonation problem, however, Penney substitutes an 
idealized initial condition; he assumes that at a cértain instant the TNT is all ex- 
ploded within its original volume, the exploded gas being at rest but under a pres- 
sure of 1,300,000 pounds per square inch. The genesis and propagation of the pres- 
sure wave in the water, and the motion of the globe of exploded gas are then worked 
out by numerical methods, for times up to 0.7 millisecond from the start. 

In the beginning, the pressure at the interface between the exploded gas 
and the water is found to drop instantaneously to about 500,000 pounds per square 
inch, the water and gas at the interface acquiring simultaneously an outward velocity 
of about 3000 feet per second. A shock wave then proceeds outward into the water 
while an expansion wave travels back into the gas. After the lapse of 0.7 milli- 
second, the distribution of pressure p and of particle velocity u (taken positive 


173 


13 III. PRESSURE WAVE 
5. A CALCULATION 


when directed outward), as a function of the distance r from the center of the gas 
globe, are found to be as shown in Figure 8. The long dotted line shows the instan- 
taneous position of the interface be- 


tween gas and water. The distance 24 240 
marked "initial solid" represents elt ae 
the radius of the original sphere of 
solid TNT. a 10 
For times exceeding 0.7 mil- ‘'2 120 
lisecond, Penney uses a rough method Foal MS ao = 
of calculation, primarily for the pur- Fae %6 i 
pose of discovering how the pressure 2 « 
may be expected to change with dis- . os oe 
tance. He concludes that no marked 40 
change should occur in the shape of 


; la ae SID eal aS male Ue Ze 
the pressure wave as it proceeds out- Radius r in Meters 


ward, but its intensity should de- Figure 8 

crease. Beyond a distance of 50 feet 

from the charge, the pressure in the wave should fall off like that of ordinary sound 
waves, nearly in inverse ratio to the distance, but at first the rate of decrease 
should be more rapid. At a distance r feet from the center (i.e., r times the radius 
of the original sphere of explosive) the pressure is x times as great as it would be 
if it varied as 1/r, where z has, for example, these values: 


In conclusion Penney shows a comparison of his curve for the pressure at 50 
feet from 300 pounds of TNT with an experimental curve, which is almost the same as 
that published by Hilliar. The two curves agree in showing an initial pressure of 
1800 pounds per square inch, but Penney's curve drops off more rapidly. The oscilla- 
tory feature in Penney's curve may be due to the peculiar initial condition from 
which he starts his calculation, or it may be that such features are missed in cur- 
rent methods of observation. 
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6. THEORY OF THE SECONDARY IMPULSES 

In the absence of an exact theory of the oscillations of the gas globe and 
of the pressure impulses produced by them in the water, some light may be thrown upon 
the phenomena by developing a theory in which compression of the water is ignored. 
As a matter of fact, the actual motion must approximate closely to the non-compressive 
type except during the phase of intense compression of the gas. 
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Let us start with a sphere of compressed gas of negligible density sur- 
rounded by incompressible water at rest, and neglect gravity. During the motion, 
the pressure p and particle velocity u of the water at a distance r from the center 
will be given by Equations [8] and [2] of Appendix II. 


in which r, is the radius of the sphere of gas, u, = dr,/dt, p, is the pressure of 
the gas, p, is the hydrostatic pressure, p is the density of water. At a great dis- 
tance the Bernouilli tern, 5 pu’, is negligible. Near the center, however, this term 
is not negligible; it causes the pressure transmitted to a distance to be determined, 
“not by the pressure p, of the gas alone, but by the quantity p,+ 5 Pur. As the gas 
expands, p, decreases but uz increases. The pressure impulses are thus made broader 
than would be expected from the variation with time of the gas pressure alone. 

It is evident that oscillations will now occur in the general manner des- 
cribed in Section 3 preceding. Since no energy is lost here, however, the gas must 
return at each collepse to its initial pressure; hence all secondary pressure waves 
Will be alike, and each one will be symmetrical about its center. The first pressure 
wave will be only a half-wave, arising from a single outstroke, whereas each subse- 
quent wave is due to instroke plus outstroke. The impulse at distant points due to 
each secondary wave will thus be twice that due to the primary wave. 

For the period of the oscillations an expression is readily obtained in the 
form of an integral (see Appendix II, Equations [17], [19], [22]). In two extreme 
cases the value of the integral is easily found. 

The period T, of small radial oscillation of a gas bubble about its equi- 
librium size, with its pressure oscillating slightly above and slightly below hydro- 
static pressure, is given by Minnaert's formula (8): 


V; p 
1 i 2779 37D 


in which 7, is the equilibrium radius of the bubble, p the density of the surrounding 
liquid, p, the hydrostatic pressure, and y the ratio of the specific heats of the gas 
at constant pressure and at constant volume, respectively. For air in sea water, at 


a depth h, roughly 
th = ar %% Vaaee seconds, 


where 7, and h are expressed in feet. That the oscillations can occur so rapidly 
becomes plausible when one recalls that the velocity of efflux of water under a 
pressure of only one atmosphere is 47 feet per second. 

As the amplitude of oscillation increases, the period increases. When the 
maximum radius becomes 6 times the minimum, if y= 1.4, a numerical integration 
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indicates that T = = T, » approximately. Finally at very large amplitudes the 
period is given approximately by Willis' formula: 


1 5 
T = 1.88 % Ver = 1.149", ‘we 


where 7,, is the maximum radius of the bubble or W, is the maximum energy of the gas, 
moving adiabatically, during an oscillation. The gas need not be assumed to behave 
as an ideal gas. In all cases the theory indicates a decrease in the period with 
increasing hydrostatic pressure, as is actually observed for the intervals between 
the secondary impulses. For a gas expanding adiabatically from 4 given state, r, is 
proportional top, 8” where y is the ratio of the specific heats of, the gas. Hence, 
according to the small-amplitude formula, 7, is proportional to n, 2 37! » whereas 
according to the large-amplitude formula T is proportional to Be 

The total impulse, [pdt » is very simply related to the particle velocity 
in non-compressive radial motion (e.g., in Equation [3] of Appendix I, Section 1, let 
the velocity of sound c become infinite). When the amplitude of oscillation is large, 
the total positive impulse at a distance r from the center, ive, [pat taken over the 
part of the cycle during which the pressure p exceeds the hydrostatic pressure p,, is 
given by the formula (Appendix II, Equation [25]): 


Jc — Po) at = 048 5t pt wi 

When compressibility of the water is taken into account, all of these re- 
sults require modification and, unfortunately, the theory can be worked out only by 
methods of numerical integration. 

Whereas the motion of an incompressible liquid is all afterflow, in a com- 
pressible liquid the particle velocity contains an additional component that is pro- 
portional to the pressure and hence in phase with it (the term p/pc in Equation [3] 
in Appendix I, Section 1). The effect is both to modify the motion of the gas and to 
cause a radiation of energy. Such effects should become appreciable in water at 
pressures exceeding 1000 pounds per square inch. 

Because of the loss of energy, the gas will collapse less completely in 
each successive oscillation, and the maximum pressure and the total impulse will de- 
crease from one secondary wave to the next. It may even happen that the first second- 
ary impulse is smaller than the primary impulse. Furthermore, the interval between 
oscillations will decrease slowly, as is actually observed for the intervals between 
secondary impulses. Exact calculations for the secondary waves are needed. 

There is ample reason to believe that the loss of energy will be relatively 
large. It can be shown that a pressure curve such as that obtained when the water is 
treated as incompressible would involve, in actual water, a loss of energy in each 
oscillation comparable in magnitude with the energy of the gas. From his observa- 
tions, Hilliar (1) concluded that the part of the primary pressure wave which was 
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covered by his measurements carried off about 1/4 of the energy available in exploded 
TNT. 

The total impulse at distant points must in any case be measured by the ve- 
locity of the afterflow, as stated in the foregoing; for at a distance the compres- 
sion of the water is always negligible. This fact furnishes an easy method of con- 
necting the impulse with the energy of the afterflow, as was pointed out by W. C. 
Herring (9). Estimates thus made in actual cases come out surprisingly large. Thus, 
in the case of 300 pounds of TNT exploded 34.5 feet under the surface, if we insert 
in the formula given in the foregoing for Jw—p,)at , W, = 300 x 1,200,000/2 foot- 
pounds, representing half of the initial energy that is available by expanding the 
exploded TINT to zero density, also p= 1.99 slugs per cubic foot and p = 2 x 14.7 
x 144 pounds per square foot, and then divide by 2 in order to have the impulse due 
to an outstroke alone, we find for the impulse in the primary wave, at a distance of 
50 feet from the charge, 3.3 pound-seconds of impulse per square inch. 

For comparison, the part of the pressure wave, 4 milliseconds in extent, 
that was measured by Hilliar represents an impulse of only 1.45 pound-seconds per 
square inch. The reason for this discrepancy is not clear. The observed pressure 
wave accounts for only a quarter of the energy in the TNT, so that the calculated 
value of 3.3 should be an underestimate. Perhaps an appreciable impulse may result 
from small pressures acting over relatively long times during a later phase than that 
covered by the measurements. 

It may be remarked that spherical symmetry has been assumed in the forego- 
ing discussion. If the motion is asymmetrical, the collapse may occur in such fash- 
ion as to break up the gas globe. Evidence of such occurrences in the case of small 
explosions has been secured by cinematic photography. 
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7. TURBULENCE 
The question may arise whether the motion of the water produced by an ex- 


plosion is turbulent or not. Turbulence can be produced only through the action of 
friction; and it seems that friction should have time to produce appreciable turbu- 
lence only near solid objects, such as fragments of a burst case. There exists no 

mechanism by which turbulence so produced can be propagated outwards with the pres- 


sure wave. 
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IV. EFFECTS OF THE PRESSURE WAVE ON AN OBSTACLE 
1. MODE OF ESTIMATING EFFECTS 
In the pressure wave there are four physical magnitudes of interest: 


(a) pressure 
(b) forward particle velocity 


(c) momentum, of total magnitude [pudz (p= density, u = particle 
velocity, x = coordinate in the direction of propagation) 


(d) energy. 


The effect of the wave upon an obstacle, which we shall hereafter call the 
"target" can always be calculated in terms of the pressure exerted upon it by the 
water. To do this, however, we must know the extent to wnich the presence of the ob- 
stacle in turn modifies the pressure in the water. Because of this complication, it 
may be more convenient to consider the process in terms of one or more of the forego- 
ing magnitudes other than the pressure. The most advantageous choice of a mode of 
approach will depend largely upon the relation between the dimensions of the obstacle 
and the effective length of the pressure wave. 

Misconceptions may easily arise from carrying over into the dynamic field 
modes of thought that are appropriate to the static field only. The following gen- 


eral principles may be noted: 


A. Strength of materials may be of little importance in determining the ef- 
fects of explosions. For example, it is unimportant that a pressure of 10,900 pounds 
per square inch is required to rupture a metal structure if 50,900 pounds per square 
inch is available in the pressure wave. 

The action of explosives upon objects near at hand will depend more upon 


tneir relative inertia than upon their cohesive strength. At greater distances, on 
the other hand, cohesive strength may be the chief determining factor. 


B. The path of least resistance will not be favored by explosive forces to the 
same degree as by forces of smaller magnitude but longer duration. 

For example, a charge detonated in contact with a metal plate may punch a 
hole through the plate, although the path of least resistance would lie through the 
air. The air is accelerated outward with extreme rapidity by the high pressure, but 
the adjacent part of the plate is likewise given a considerable acceleration, suf- 
ficient to cause rupture. A dense object placed over the explosive, such as water or 
earth, increases the effect on the plate because of its inertia, the time of action 
of the explosive being thereby lengthened. Water on the opposite side of the plate, 
on the other hend, diminishes the effect somewhat. 


C. Large-scale effects tend to be very much less severe than the local effects 
close to the charge. This is a consequence of the short time of action of the forces. 
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Violent effects may be produced on a small quantity of target material near the 
charge, but after the momentum given to this material has been distributed over a 
much larger mass, the velocities generated may be moderate. 

These principles are well illustrated in the familiar example of a small 
charge detonated under a few feet of water in a tank. The explosion ruptures the 
tank, for which a static pressure of 4000 pounds per square inch would be required; 
yet the water is projected no higher than it would be if issuing ffom a water main 
at a pressure of 50 pounds per square inch. The pressure that acts on the tank may 
be close to 50,000 pounds per square inch, lasting a ten-thousandth of a second. 
Against such a pressure, a tensile strength of 4000 pounds is hardly distinguishable 
from no strength at all. On the water, however, the same general effect can be pro- 
duced by the weak pressure in the main because the time of action is much longer, of 
the order of 0.1 second. 

Viewed from another angle, the water illustrates the contrast between large- 
scale and local effects. The layer of water next to the charge experiences a momen- 
tary force of nearly a million pounds per square inch and is given a velocity of 
something like 10,000 feet per second. After 0.01 second, however, the pressure wave 
will have completed several trips back and forth through the entire mass of water, be- 
ing reflected repeatedly at its boundaries, and as a consequence the momentum will 
have become distributed over the whole mass, with a very great reduction in the ve- 
locity of the water. 

The problem of determining precisely the effects of a pressure wave upon a 
target is comparatively simple only in cases of extreme simplicity. Several such 
cases will be discussed in detail in order to throw light upon the general problem. 
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2. TARGET SMALL RELATIVE TO THE SCALE OF THE WAVE 

Suppose, first, that over any distance equal to the largest linear dimen- 
sion of the target, conditions in the pressure wave are nearly uniform. Then, to a 
first approximation, the flow of the water near the target can be treated as non- 
compressive, and the pressure can be treated as if it were static. 

This is easily understood on the principle, applicable to all cases, that 

the flow of the water is accommodated to the presence of an obstacle by means of im- 
pulses propagated through it with the speed of sound. These impulses serve to modify 
in the proper manner the distribution of pressure and of particle velocity. If con- 
ditions in the wave undergo little variation over a distance equal to the greatest 
diameter of the target, the impulses have ample time to keep the flow around the tar- 
get adjusted from moment to moment to the slowly varying conditions imposed by the 


oncoming wave. ~ 
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The pressure upon a small target can conveniently be resolved into two 
parts: 


(a) the pressure p that would exist at the same point if the target 
were repleced by water, and 


(b) an additional "dynamic" pressure, positive or negative, caused 
by motion of the water relative to the target. 


The magnitude of this additional pressure can scarcely exceed 
pu?,where p is the density and u is the particle velocity in 
the wave. 


Thus, a pitot tube, emall as compared with the thickness of the pressure 
wave and turned toward the side from which the wave approaches, would read the value 
of 

p +1pu? 
Again, if the target has an axis of symmetry in the direction of propagation of the 
wave (this axis constituting, therefore, a streamline), the pressure at the point on 
the front face where the axis cuts the surface of the target will be p+ pu’. 

In pressure waves in water, however, pu” is much smaller than Dean Ute as 
is usually the case, the linear or small-amplitude theory can be used for the wave, 
and if for the moment we neglect the afterflow, we have p=pcu (cis the speed of 


sound), hence . 


[OO ee as 
p ¢ 
In practical cases u is much smaller thanc. For example, at 25 feet from 300 pounds 
of TNT, u <50 feet per second, hence u/c <50/4930 = 1/100. In blast waves in air, cn 
the other hand, pu? tends to equal p. 

The afterflow velocity at the point just mentioned can be estimated from 
the third term in Equation [3] in Appendix I. The value of [pdt at that point is 
about 2 x 1.45 x 144 pound-seconds per square foot, r = 25 feet, and p= 1.94 slugs 
per cubic foot, hence the term in question gives an afterflow velocity of only 8 feet 
per second. ‘Thus even at 25 feet from 300 pounds of TNT, which is well within its 
damaging range, dynamic effects of the afterflow or "surge" will usually be small. 

One effect of the wave is a tendency to set the target in motion in the di- 
rection of propagation of the wave. The acceleration results from the combined ac- 
tion of the pressure gradient in the wave and, if there is relative motion between 
target and water, of the dynamic pressure pu? and of viscosity. Minute suspended 
objects will tend to undergo the same displacement es does the water itself. Larger 
objects, if free to move, will’be displaced less. 

If the target can be crushed, its deformation will be determined almost 
wholly by the major component of the pressure on the target, which is the pressure in 
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the incident wave itself, and this pressure can be treated as static. Paradoxical as 
it may seem, parts of a small target may undergo displacements many times larger than 
the displacements of the water particles in the undisturbed wave. A particle of wat- 
er is accelerated, first, forward as the pressure rises to its maximum, then backward 
as the pressure sinks, the pressure gradient being now reversed, and in the end the 
water is left at rest except for motion due to the afterflow. If part of the target 
is movable, however, it experiences a positive impulse of magnitude }pdt and so may 
be left in rapid motion by the passage of the wave. The water will follow this local 
motion of the target approximately according to the laws of non-compressive flow, 
provided the velocities involved do not become excessive. 

In this way, for example, displacements of the piston of Hilliar's gauges 
could occur amounting to several inches, without causing much distortion of the pres- 
sure in the water, although the displacement produced by the wave in unobstructed wat- 
er should have been only a fraction of an inch. 

To take another example, suppose a wave like that at 50 feet from 300 pounds 
of TNT passes over a light, hollow metal sphere of 6 inches diameter; the maximum 
pressure of 1700 pounds per square inch is far more than enough to crush the sphere. 
The resistance of the metal will, therefore, play only a minor role in determining 
the initial phase of the motion. If we neglect this resistance altogether, it is 
easily calculated from Equation [6] in Appendix II that the water will start rushing 
toward the center of the sphere with a velocity of over 300 feet per second. The 
local motion involved is on a small scale as compared with the 5-foot effective length 
of the wave. The inward motion will continue until the kinetic energy of the water 
has been spent in deforming the sphere. 

We may consider also the 31-inch mine case shown in Figure 64 of Hilliar's 
report (1). At a distance of 126 feet, a 1600-pound charge of amatol would produce a 
maximum pressure of about 


1600)! 
12 


13000 = 1180 pounds per square inch 


and hence a maximum water velocity of 


ue 160 - 17 feet per second 
From Hilliar's Figure 1 it can be calculated that the total (observed) impulse from 
300 pounds at 50 feet is equivalent to the maximum pressure acting for 0.85 milli- 
second. The time for the larger charge would be 0.85 x (1600/300) ° = 1.48 millisecond; 
and 0.00148 x 17 foot per second x 12 = 0.3 inch for the displacement of the unob- 
structed water. Yet the mine case is indented at least 15 inches. Even an object 
31 inches in diameter should be small enough relative to a wave 5 to 10 feet long for 
the small-target theory to be partially applicable. 

It may be of interest to consider the afterflow, also. An upper limit can 
be set to the displacement produced by it in unobstructed water in the following way. 
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From Equation [21b] in Appendix II we find that a gas globe from 1600 pounds of ama- 
tol under 60 feet of water might perhaps expand to a maximum radius of 30 feet. Then 
we have 47x 30°/3 cubic feet of water displaced outward over a sphere of radius 126 
feet, requiring a linear displacement of the water of magnitude 


An - 3 
—— = 0.57 foot = 7 inches 
4m - 126? 
This displacement is of the same order of magnitude as the indentation in the mine 


case. Nevertheless, the afterflow cannot have had anything to do with the crushing 
action, for it occurs in too leisurely fashion, requiring over a quarter of a second. 
The pressures due to the afterflow must have been quite negligible. 
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3. TARGET LARGE RELATIVE TO THE SCALE OF THE WAVE 

At the opposite extreme, when the target is large as compared to the thick- 
ness of the wave, the water has no time to escape sideways, and adjustment to the 
presence of the target must be made on the spot. Relatively large modifications of 
the water pressure may then occur. The appropriate ideas to use in considering the 
impact of the wave upon a large target are those associated with the reflection of 
waves. 

In order to throw some light upon the complicated phenomena to be expected, 
a number of simplified cases will be discussed which are amenable to analytical 
treatment. 
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4. REFLECTION AT AN IMMOVABLE INTERFACE 

Consider a plane wave in water falling at an angle of incidence 6 upon the 
plane face of a target consisting of homogeneous material of a different sort, gas- 
eous, liquid, or solid. Let the wave be of sufficiently low intensity so that acous- 
tic theory can be used. 

Then at the interface between water and target the incident wave will di- 
vide into two, a transmitted wave which continues into the target at an angle of re- 
fraction 9, and a reflected wave which returns into the water. Let the pressure and 
particle velocity in the incident wave be p,u, in the transmitted wave p',u’, in 
the reflected wave p”, u”. Let the density and the speed of sound in water be p, and 
¢,, respectively, and in the material of the target, p, and c, (Figure 9). 

Then according to the usual laws for the reflection of sound waves (Appendix 
I, Section 2, Equations [9a], [9b] and [10]), 


c,sin@ = c,sind’ [1] 
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pee 2 p2C, C0sd 
DP Pye, C086 + pic, cosd’ [2] 
PY _ Pols cos@ — p,c, c0sd’ (3] 


Ps Pay C080 + p,c, cos’ 
The reflection coefficient is thus 


2 (F) = (22% cos@ — p,c, Sebi C4 


Polo cosé + Pic, cos6" 


The ratio of the total pressure on 
the interface to the incident pressure is 


ee oh pe ae 2pP2ly cos 6 
NS Spi P ~ P2e, cos8 + pyc Cosd (5) 


The pressure measures the rate of transmis- 


Figure 9 


sion of_momentum across a surface (so long as the amplitude of the waves is small); 
hence the value of N is also the ratio of the momentum absorbed by the target to the 
momentum brought up by the incident wave. 

These equations hold so long as Equation [1] can be solved for 6’. If, 
however c,sin6>c,, total reflection occurs, with p” = p and R= 1, N= 2. 

We note that if c, =c,, p, = p., then R= 0 and N= 1, that is, the wave 
merely continues into the target without reflection. If p,c, = 0 (e.g. for vacuum), 
R= 1 and N= 0; also p” =—p. In this case the incident wave is completely re- 
flected with change of phase, compressions becoming rarefactions and vice versa; the 
particle velocity has the same direction in the reflected wave as in the incident 
wave, so that the reflected wave carries all of the incident momentum back into the 
water. If p,c,> co, on the other hand, as for an extremely dense or rigid material, 
N= 2. Although the reflection of energy is again total (R= 1), the motion of the 
water is reversed by the reflection and the momentum given to the target is double 
that brought up by the incident wave. In this latter case the pressure in the water 
at the face of the target is likewise doubled. 

At normal incidence the equations become 


pi_ 2 pce B" _ nlp = pits 
P Pola + Pil, DP Pale + Pic} [6a, b] 
2 
= Poo — Pi 
R= ee + — (7] 
pe 2 Poy an P2Ce— Picy [8] 
Nec pita pecs FRC 


The effects of reflection at normal incidence depend only upon the ratio of the 
acoustic impedances, p,c, and p,c,, in the two mediums. The pressure on the target 
is greater or less than that in the incident wave according as pc, > p,¢c, or 
Pf, < Pe, In Figure 10, R and N are plotted as functions of the ratio p,c,/p,c, , 
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Figure 10 


for 6 =0, in a double plot whose mode of construction is sufficiently obvious. Val- 
ues for three target materials in contact with sea water, for 6 =0, are as follows: 


-0.99946 
0.00054 
1 - 0.00109 
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5. STEEP-FRONTED WAVES 


If the incident wave has an extremely steep front, as has the pressure wave 
in water resulting from a detonating explosive, the wave transmitted into the target 
will also have a steep front. Waves of this character are easily produced in solid 
material by impact, and there is no evidence that they possess any special tendency 
to rupture or distort the material. It may be concluded that the precise shape of 
the steep front of the pressure wave is probably of no practical interest. Nor should 
the effects of the secondary impulses be altered much by the mere fact that they prob- 
ably have no steep fronts at all. 

The general form of the pressure wave may, however, be of importance, in 
some cases because of resonance effects. 
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6. TARGET WITH INTERNAL INTERFACES 


The simplest type of a non-homogeneous target is one in which internal in- 
terfaces occur, as at the inner surface of a ship's plating. Additional reflections 
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will then occur at these interfaces. The reflected waves thus produced, returning 
to the outer surface, will be partly transmitted there end partly re-reflected back 
into the target; in part they will again be reflected at the internal interfaces; and 
so on. If the various interfaces are close together, however, as in a ship's skin, 
the interplay by repeated reflection goes on so rapidly that the various waves quick- 
ly blend together. Then other methods of analysis become sufficiently accurate and 
are more convenient. 

Even if the target contains laterally dispersed structures, such as braces, 
the analysis in terms of waves is still applicable, but it becomes much more compli- 
cated. 
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7. IMPACT OF A PLANE PRESSURE WAVE ON A FREE THIN UNIFORM PLATE 

By a thin plate is meant one so thin that the time required for an elastic 
wave to traverse the thickness of the plate is much less than the time required for 
the pressure in the incident wave to change appreciably. This condition may not be 
satisfied at the very front of the wave, but the small error so caused will be ig- 
nored. Under these circumstances it is sufficiently accurate to treat the plate as 
a rigid body. 

As before, let p, wu denote excess pressure (above hydrostatic) and particle 
velocity of the water in the incident wave, and p”, u” the same quantities in the re- 
flected wave. Let m denote mass per unit area of the plate, and xz its position mea- 
sured from any convenient origin in the direction of propagation of the wave, which 
we suppose to be perpendicular to the face of the plate (Figure 11). Then the equa- 
tion of motion of the plate under the influence of the water pressure is 


dz _ . 
p,u y x Air pressure on the opposite side of the plate is sup- 
y) posed to balance the hydrostatic pressure. Since the 
y m per plate and water remain in contact, we have also 
oom y unit dx =u4+tu= (2—# = ’) 
p,u y) area dt pe 
ae 
y) where p and c denote density and velocity of sound in 
Y the water; for p=pcu, p”=—pcu"(Appendix I, Section 
1, Equation (2]). Eliminating p”: 
Figure 11 dx dx 
mage + Pc a, = oP {10] 


Here p is a function of the time which may be denoted by p(t). The equation can be 
solved for xz when p(t) is known. We shall consider in detail only a simple type of 
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wave bearing a rough resemblance to observed pressure waves (Figure 12). 


Exponential Wave 
Suppose thet 
p(t)= 0 for t<0 
p(t) = pier for t>0 
Then it is easy to verify by substitu- 
tion thet a solution of [10] is, for 
t>0, 


dz 2Do ( pe 

see SRG eo se-8:)) B= Ee 

dt pe—am Bi im Time 
This solution also satisfies the nec- Figure 12 


essary boundary condition that (dx/dt) 
= 0 at t = 0, the plate being at rest before the wave strikes it. (If pc =am, the 
solution is 
dz _ 2Po te-o' .) 
dt m 
Since the plate obviously comes to rest eventually, it follows from the con- 
servation of energy that the wave must be totally reflected from it. The total dis- 
placement of the plate is finite and equal to 
Eke 2p 
Az = == dt = S20) 
i dt apc 
This may be compared with the net displacement undergone by an unobstructed 
water particle as the incident wave passes over it, which is 


= Ly es (Pee Pec Te 
Juae peice rene dt = ope 


Thus we have the following important conclusions: 
1. The plate completely reflects the wave; 


2. The total displacement of the plate is finite and is just twice the dis- 
plecement produced in unobstructed water by the incident wave. 


These conclusions are independent of the mass of the plate. A heavy plate 
acquires a smaller velocity but retains it longer. It can be shown that the same 
conclusions hold for a wave of any form. Furthermore, it can be shown that the same 
conclusions should hold generally for any target provided that 


1. its characteristics vary only in one dimension, in the direction of inci- 
dence of the wave; 


2. there is a light medium, like air, beyond the target; 
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3. the target is elastically connected throughout and does not break loose 
from the water. 


The point of the last proviso lies in the fact that, since the target must 
be negatively accelerated during the later stages, negative pressures may occur in 
the water and cavitation may result. 

It appears to follow from this analysis that if the skin of a ship were 
plane and held in place only by air pressure, the explosion of 300 pounds of TNT 20 
feet from the ship would merely shift its skin inward an inch or so and leave it at 
rest. That damage actually results from such an explosion must be due either to the 
presence of stiff bracing or, perhaps, to cavitation in the water, so that the nega- 
tive pressure during later stages fails to arrest the rapid inward motion of the skin. 

The case of oblique incidence of the waves is much more complicated than 
that of normal incidence and will not be considered here. It involves questions as 
to bending of the plate. 

The next case studied will be designed to throw light on the effect to be 
expected from bracing. 
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8. TARGET, A THIN UNIFORM PLATE WITH ELASTIC SUPPORT 
Let the thin plate just described be held in position by springs or an 
equivalent support, with water on one side and vacuum or air on the other. The 
strength of the springs cen most conveniently be specified by assigning the value 
of the frequency 4, with which the plate would vibrate, moving one-dimensionally 
in a direction perpendicular to its faces, if the water were absent. As before, we 
assume a plene pressure wave to fall at normal incidence upon the plete. Then, as 
the equation of motion of the plete, we may write in place of [9] or [10], 
mig + 4n2y2 mz = p + p" 


a + pe 52 + 4n? v2 mx = 2p (11] 
Thus, if pc = O and p = 0, the solution is Asin(27v,t +a), representing an oscil- 
lation at frequency %. 

The left-hand member of Equation [11] is of the type encountered in deal- 
ing with linearly damped harmonic oscillations. The equation mey be rewritten in a 
convenient generalized form thus: 


dx dz 
— + —+ ur 
dees eae Oe 


2p 


= 12] 
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where in the present instance 


y= ae Hy = 27% [13a, b] 
Damped Free Oscillations 
If p =0, the plate can execute oscillations damped because of radiation 
of its energy into the water, the energy being carried away by compressive waves. 


The solution of [12] when p = O is, according to circumstances: 
if y>w, (overdamped):2 = A,e"!' + Aze”', y, = y+? — ub; ye = » — Vy? — HG 


2 
if ye; (underdamped ): a = Ae”'sin (2t%vt +a), v= VY Sa 

0 
Here A,, A,, A, @ denote arbitrary constants. 


Effect of a Pressure Wave 

If a pressure wave strikes such a plate, it is evident from conservation of 
energy that the final result must be complete reflection of the incident energy. The 
point of practical interest is the maximum displacement of the plate, to which cor- 
responds the maximum strain in the springs or other elastic support. The maximum 
displacement can be determined by solving Equation [12] if the pressure p in the in- 
cident wave is known as a function of the time. 

Consider, for example, the exponential type of wave already employed: 


p=0fort<0, p=pe"' for t>0 


Suppose that the plate is initially at rest and in equilibrium, with x = 0. The ap- 
propriate solution of [12] is most conveniently written in terms of the two auxil- 


iary constants 


=o tp 4 2 
x, = =f 2 = — 
8 mug fe Ho , Ho 


The constant x, represents the static displacement of the plate under the maximum 
pressure p, (as may be seen by putting in Equation [12] 2p= p, ,d’x/dt” = 0,dz/dt 
= 0). The value of 8 determines the character of the free oscillations; and n can 
be regarded as the ratio of the natural time scale of the plate to the time scale of 
the exponential wave. 
B>1 (overdamped) 
1— 2nptn?+ 0: 


ar ire). |S 
— Fp Or 
1-—2ngp+n* = 
aie Seal, ott ona e Prat [ln —Aret ge ey | 
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B= 1 (critically damped) 


22 mi te 
n#1: z= Tele i eter ite” 


re (yt) e “0 
B< 1 (underdamped) 
ai = aT In } ee PH! sin ("1 —B ut + tan? =F) 
Here tan Vi-B /(8—n) is to be taken in the first or second quadrant. 

The equations for x as written still contain the constant Hy» but this con- 
stant serves only to specify a time scale for the whole process. Otherwise all fea- 
tures are determined by the values of B andn. All of the equations represent the 
plate as returning ultimately to its position of equilibrium, as would be expected. 

A plot showing certain values of x,,/x,, the ratio of the maximum displace- 
ment 2,, of the plate to its static displacement x, under the initial pressure p,, is 
shown in Figure 13. Only a few points were calculated, because of the laboriousness 
of the work; these points are indicated 
by crosses on the plot. Based on these 


points, roughly correct contours were 
drawn by estimation corresponding to var- 
ious values of z,/xz,, as indicated near 
the contours. The abscissa of each point 
on the plot represents a value of manor 
orm for values above 1, however, dis- 


tances along the axis are laid off in 
proportion to the reciprocal of 7m, start- 
ing from O at the right-hand end of the 
plot. Similarly, the ordinate represents 
values of B up to 1, then of 1/8 from 1 
i to 0, i.e., of 8 from 1 toc. Values of 
x,/%, for points between the contours can 
Figure 13 be estimated by interpolation. 
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The largest value, 2,,/x, = 4, occurs when n= 8 = 0, i.e., for no damping 
and for a steady pressure beginning suddenly at a given moment. The value of 1,,/z, 
decreases with decrease in the natural frequency of the plate (decrease inyu,), or 
with decrease in the length of the wave (increase ina); either of these changes 
makes the effective time of action of the wave less adequate for the production of 
a maximum effect. In an actual case the plate would probably be heavily overdamped 
by the radiation of waves into the water. Thus for a steel plate 1 inch thick in 
contact with sea water, y = 3900 (i.e., 68.2 x 144 x 12/2 x 7.8 x 1.94), so that for 
vy < 600 cycles per second 8 = y/u, = y/2mpy,>1 and overdamping exists. The plate is 
not loaded by the water, however; its frequency of oscillation v is modified by con- 
tact with the water only because of the damping action. 

For the conclusions of this section to be valid, the lateral dimensions of 
the plate must be large as compared with the wave length of the compressive waves 
emitted into the water. 
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9. EFFECTS ON A SHIP 


Oscillations of the type just described might correspond roughly to oscil- 
lations of a ship in which one of its sides moves in and out as a whole, against the 
elasticity of the bulkheads. The natural frequency for such oscillations should be 
of the order of 100, corresponding to wy = 600; but, with a weight of 50 pounds per 
square foot in the skin, y = 3200 (i.e., 68.2 x 144 x 32.2/2 x 50), so that B= y/o 
= 5. Thus the oscillations should be heavily overdamped. For a pressure wave with 
oa = 1200, as in practical cases, n = @/y,) = 2. A glance at Figure 13 shows that 
x,,/%, is small, the maximum displacement being much less than the static displacement 
due to the maximum pressure in the wave. 

The same mathematical theory should be applicable to all modes of oscilla- 
tion of a ship's side. It is only necessary to substitute in the formulas suitable 
values of the damping constant y and of the undamped frequency vy). In all other 
cases than that of the infinite plane plate, however, v, is altered as if the vibrat- 
ing body were loaded to a certain extent by the water. As a rough rule, it may be 
said that damping by emission of compressive waves will be large or small according 
as the lateral dimensions of the vibrating segment of the ship are large or small as 
compared with the wave length in the water. Thus, the commonly studied oscillations 
of a single panel, st a frequency of perhaps 10, corresponding to a wave length of 
500 feet, should be only slightly damped, as observed, 

It should be remarked, however, that the time required for the propagation 
of elastic impulses along the bulkheads should also be taken into consideration. 
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10. ENERGY-MOMENTUM CONSIDERATIONS 

In designing a structure to resist damage by an explosion wave, it may be 
more helpful to view the effect on the structure in terms of energy and momentum 
rather than in terms of pressure. The energy and the momentum broyght up by the wave 
must be either reflected back into the water or absorbed by the structure. 

If the structure is rigid, the energy is completely reflected. Since, how- 
ever, compressions are reflected as compressions, the particle motion in the reflect- 
ed wave has the opposite direction to that in the incident wave; hence the momentum 
taken up by the structure is twice that brought up by the incident wave. Further- 
more, the process of reflection occurs in this case simultaneously with that of in- 
cidence. Hence the doubled absorption of momentum requires doubled stresses and 
strains in the structure (in addition to a possible further increase due to resonance 
effects). 

To decrease the absorption of momentum, the structure must yield to the 
wave. If it yields, however, a fresh complication arises; for then it will take on 
part or all of the incident energy. Two alternatives are then open. 

The energy may be converted into heat by means of friction and permanently 
retained in this form in the structure. If this is done, perhaps by the use of non- 
elastic materials, the impact of the explosion wave is handled somewhat as is the re- 
coil of a gun, whose energy of backward motion is absorbed in dashpots. 

If, on the other hand, the structure is made resilient, the energy will be 
returned into the water in a reflected wave, accompanied by the usual amount of mo- 
mentum. As in the case of rigidity, therefore, the total amount of momentum ab- 
sorbed by the structure will be twice that brought up by the incident wave. With the 
resilient structure, however, the process of reflection occurs partly or wholly after 
the incidence of the wave. Hence the doubling of the maximum stress is avoided. The 
general concussion of the vessel may be about the same in either case; but with the 
resilient structure the probability of rupture or deformation should be less. This 

“conclusion appears to be illustrated by the case of an ice breaker sheathed with 4 
feet of wood, against which a mine was exploded. The general damage throughout the 
ship was appreciable, but the local damage to the sheathing and to the steel hull was 
negligible. 

As to the desirable amount of yielding, the theoretical answer is, the more 
yielding the better . The results deduced from calculation in the foregoing simple 
cases indicate that as the yielding increases to large values the absorption of en- 
ergy decreases again; the absorption both of energy and of momentum tend ultimately 
toward zero (see Figure 10). The ideal procedure would be, therefore, to make the 
skin of a ship easily movable in‘directions perpendicular to its surface and to sup- 
port it only by means of very flexible springs or by air pressure. Then, as the cal- 
culation for a thin plate shows, the pressure wave would be completely reflected, its 
only effect on the ship's skin being to displace it inward an inch or so. No damage 
would result, and the concussion would be negligible. 
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Aside from the practical difficulty of adopting such a mode of construc- 
tion, the following consideration raises doubts as to its complete efficacy. From 
a highly yielding structure, a compression wave is reflected as a wave of almost 
equal rarefaction. There is a limit, however, to the tension which water will stand, 
especially when in contact with solid objects. During the later phases of the motion, 
therefore, the water may pull loose from the yielding structure, with the result that 
the structure will not be brought entirely to rest during the rarefaction phase but 
will be left with a high inward velocity. Or, cavitation may occur in the water, with 
the result that a layer of water next to the structure will also be left moving in- 
ward. The supports may or may not be adequate to check this motion without damage. 
Little is known concerning the magnitude of the tension that natural sea-water can 
stand momentarily without breaking. 

Direct experiments on the effect of pressure waves upon highly yielding 
structures should be illuminating. 
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In Hilliar's report (1) extensive observations are recorded of the damage 
inflicted upon empty H4 mine cases, made of mild steel 1/8 inch thick and 31 inches 
in diameter. The degree of damage was found to vary rapidly with distance from the 
exploding charge, being heavy at a distance equal to three-quarters of the minimun 
distance D at which no damage at all is produced. Thus it becomes of special impor- 
tance to determine the critical range D as a function of the weight Wof the charge. 

A partial answer is furnished by Hopkinson's rule of similarity: "The dan- 
age inflicted on a given structure by a giver charge at a given distance will be re- 
produced to scale if the linear dimensions of the charge and structure and the dis- 
tance between them are all increased or diminished in the same ratio." This rule can 
be deduced theoretically, and "its validity has been proved experimentally for charges 
differing very widely in magnitude." 

As the result of extensive observations, Hilliar concludes that, for a given 
structure, the damage range D is approximately proportional to the square root of the 
weight of the charge. 

By combining this result with Hopkinson's rule, a general formula can be 
deduced. Letting LZ stand for a convenient linear dimension of the structure, we have 
from Hilliar's result that 


p=w' f(t) 


where f is a function not yet known. Changing all linear dimensions in the ratior, 


we must have then 


TrD= (r3w)? f(r L) 


192 
IV. EFFECTS OF PRESSURE ca 32 
11. DAMAGING RANGE 
Hence 


in which D, is a constant. Thus on similar structures 


p=o,(i 


For a structure like an H4 mine case, of diameter L feet, and a charge of W pounds of 
TNT or amatol, ee 
D=7.6W’L * feet 
Or, we can say that the damage on any structure distant R from the charge is 
F(z) 
R°L 
where F' is a function depending on the type of structure. 

Seeking a physical basis for Hilliar's result, we note that neither the 
pressure nor the impulse varies as wr It could be stated, however, that an H4 mine 
case "begins to be damaged when the energy flux exceeds about 5 foot-pounds per square 
inch." Hillier is of the opinion, nevertheless, that this relation with the energy 
is fortuitous and that the significant quantity is more likely to be the time inte- 
gral of the excess of pressure over a fixed value, |(p-k)dt, where k depends upon 
the structure. On this view, an H4 mine case begins to be damaged when JQ- 200) dt 
exceeds about 360, p being in pounds per square inch and ¢t in milliseconds. 


V. SURFACE PHENOMENA | 


V. SURFACE PHENOMENA OVER AN EXPLOSION 

The surface of the water over an explosion behaves in a manner that is full 
of interest and often spectacular. These phenomena are of comparatively little prac- 
tical importance, however, and will only be summarized here very briefly. 

Three distinct effects are noted: 


(a) At the instant of the explosion, the surface of the water seems to be 
agitated, and a light spray may be thrown up. This effect is not noticeable if the 
explosion is very deep. 


(b) During the next second or two after the explosion, the water rises into 
a flattish "dome" which is often whitish in color and may attain a height of 50 feet 
or more. As the depth of the explosion is increased, the maximum height of the dome 
diminishes, and finally no dome is formed (e.g., there is none from 40 pounds of TNT 
or amatol 60 feet deep or 300 pounds 150 feet deep). 


(c) Plumes of spray may be thrown up. If the charge is only a few feet below 
the surface, the plumes break through the dome while the latter is still rising, and 
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may attain a maximum height of as much as 500 feet. As the depth of the explosion is 
increased, the plumes become less marked and also appear later; they may break through 
the dome at the instant when the latter has attained its greatest height, or when it 
is sinking again, or the plumes may not appear until after the dome has disappeared. 
Finally, at great depths, no plumes are formed, but a minute or so after the explosion 
a mass of creamy water pours up to the surface. 

All writers agree that the initial agitation of the surface is produced di- 
rectly by the pressure wave, and that the plumes are thrown up by the exploded gases 
as they escape through the surface. Various theories have been offered, however, as 
to the cause of the dome. 

Hilliar views the dome as an indirect effect of the pressure wave, arising 
from the fact that water can stand only a limited amount of tension. In the process 
of reflection from the surface, the pressure wave first gives to the water a high up- 
ward velocity, then endeavors to jerk it to rest again as tension develops below the 
surface. Bits of the surface may thus be jerked off, forming the initial spray that 
is sometimes observed. The water may also become broken to a depth of several feet, 
and in this case it will retain part of its upward velocity and will rise until 
checked by the action of gravity; a temporary dome of water, filled with bubbles or 
vacuous crevices, will thus be formed. 

The explanation of the dome just described sounds plausible. Upon reflec- 
tion at a free surface, the particle velocity of the water should be doubled. 
Hilliar's report lists 43 domes due to charges fired a long way above the bottom of 
the water. In all cases, calculation shows that the velocity required to project an 
object against gravity to the maximum height of the dome is less by at least 20 per 
cent than twice the calculated maximum velocity due to the reflected pressure wave 
at the surface of the water. 

A final remark may be added concerning the explanation of the great height 
to which the plumes sometimes rise. Hilliar records a height of 140 feet due to 300 
pounds of TNT fired at a depth of 34.5 feet. As the gas approaches the surface, it 
will occupy a volume which, if spherical, might have a diameter of 20 feet. Even if 
this were flattened down to 10 feet, we should have the pressure due to a water head 
of 10 feet transmitted upward through the gas against the last layer of water, a foot 
or so thick, so that this water would experience a momentary acceleration of the order 
of 10g and would be thrown violently upward. It is plausible that actions of this 
kind would be capable of projecting water to the heights observed. 
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APPENDIX I 
SMALL AMPLITUDES 


For convenience of reference a summary will be given here of certain parts 
of the theory of compressive waves. For references see especially, besides books on 
sound, Lamb's Hydrodynamics and references to Riemann (10), Rayleigh (11), Becker 
(12), Bollé (13), and Epstein (14) at the end of the report. 

It is convenient to divide compressive waves arbitrarily into three types, 
which will be discussed in turn. It will be assumed, except where stated, that ef- 
fects due to heat conduction, viscosity, and thermel hysteresis are negligible. 


I. WAVES OF SMALL AMPLITUDE - THE LINEAR THEORY 

As the amplitude of compressive waves is made progressively smaller, the 
waves come to possess more perfectly certain simple properties; in the differential 
equations describing them, certain terms become negligible and the equations are then 
of the type called linear. The stock example is ordinary sound waves. The properties 
in question, predicted by theory and confirmed by experiment, are: 


1. UNIFORM VELOCITY 
"The velocity c at which the waves travel through the medium is given by the 


formula 
dp 
dp (1] 


c= 


where p is the pressure in the medium and p is its density. The value of c¢ is inde- 

pendent of wave length, and the relation between p and p follows the adiabatic law. 
In water, c increases slightly with rise of temperature or with increase of 

pressure. Some values of c at 15 degrees centigrade (59 degrees fahrenheit) and 1 


11,670 


atmosphere, expressed in feet per second, are: 


Average 


4930 16,400 


Pure Water 
4810 


1120 ft/sec 


2. UNIFORM FORM 
The Form of a plane wave does not change as the wave progresses. 


3. SUPERPOSABILITY 
Small waves can be superposed on each other, as occurs when two trains of 
waves meet. The resultant pressure is the sum of the component pressures, the re- 
sultant particle velocity is the vector sum of the particle velocities. The energy, 
however, exhibits the familiar phenomenon of interference, in exact analogy with 
light waves. 
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4. PRESSURE AND PARTICLE VELOCITY 

Pressure and particle velocity are definitely related to each other in pro- 
gressive waves.* The form of this relationship is somewhat different, however, in 
plane and in spherical waves. 

In plane waves the "pressure" p (i.e., the excess of pressure above normal) 
and the particle velocity u are related by the equation 

Pp = peu {2] 
where p is the density of the undisturbed fluid. 

The coefficient pc may be called the acoustic or radiative impedance of the 
fluid (also called "acoustic resistivity," although no dissipation of mechanical 
energy is involved). Some values of pc are as follows, expressed for convenience in 
units suggested by the relation, pc = p/u, the pressure p being expressed in pounds 
per square inch and the velocity c in feet per second: 


eee Air (15 degrees Centigrade, 76 cm) 


0.0185 


oe ( 


In English gravitational units, the values of pc are equal to those given here multi- 
plied by 144. The value of pc is more than 3000 times as great in water as it is in 
air, because both the density and the elasticity are much greater. In a sound wave, 
where the pressure is 1 pound per square inch above normal, the particle velocity is 
less than 1/5 inch per second in water but 54 feet per second in air. 

As a spherical wave moves outward from a center, the magnitude of the excess 
pressure, positive or negative, decreases in inverse ratio to the distance r from the 
center. The particle velocity, however, does not possess a unique relationship to the 
pressure at the same point, as it does in plane waves. The reason is that the decrease 
in magnitude of the pressure as 7 increases gives rise to an additional component in 
the pressure gradient, over and above that component which is involved in the propaga- 
tion of the wave; and because of this additional pressure gradient, a compression 
accelerates the water outward while passing through it, whereas a rarefaction acceler- 
ates it inward. The additional acceleration thus produced by spherical waves is pro- 
portional to p/r. 

The particle velocity wu in a train of spherical waves spreading out from a 
center, at a point where the excess pressure is p, is given by the formula 


t 
un fet P| var + w (3] 
0 
Here u is called positive when its direction is outward. The symbol u, stands for the 
particle velocity at the point in question at a time ft, at which p= 0; and : pat’ 
0 


* The term "progressive" is meant to imply a disturbance traveling in a definite direction, as opposed 
to "standing" waves or any other admixture of progressive wave trains. 
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is the integral of the excess pressure with respect to the time, or the impulse, at 
the point in question from time t, up to the time t to which wu and prefer. Since p 
itself falls off as 1/ras the wave moves outward, the additional velocity represented 
by the second term on the right in [3] varies from point to point as 1/r?. This term 
is thus of importance only near the source of the waves. 

The name afterflow will be given to the part of the velocity represented by 
the second term on the right in Equation [3]. Each part of the pressure wave, as it 
passes outward from the center, makes a contribution to the afterflow whose magnitude 
is proportional to 1/7’. 


5. ENERGY AND MOMENTUM 
In plane progressive waves of small amplitude the energy at any point is 
half kinetic and half potential. If HF is the energy density or energy per unit volume, 
and Mis the momentum per unit volume, 


2 
E = put = 2 i pu -£ [4a,b] 


If I is the intensity of the wave, or the energy transferred across unit area per sec- 
ond as the wave advances, 


I = cE = pew = Be [5] 


In sea water, if J;, denotes J expressed in foot-pounds per square inch per second, 
and if P., denotes p expressed in pounds per square inch, 


1 
lin = 68.2 Pin [6] 
In small waves the energy transferred equals the work done by the pressure p on the 
water moving with speed u =p/pc. 
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II. REFLECTION OF SMALL-AMPLITUDE WAVES 

When a plane wave encounters a plane surface at which the nature of the med- 
ium changes abruptly, the wave divides into two waves, one of which travels into the 
second medium as a transmitted wave, while the other returns into the first medium as 
a reflected wave. The conditions to be satisfied at the interface are that the net 
pressure and particle velocity must be the same on both sides of the interface. 

Let the incidence be normal, and let p, p’,p” denote the excess pressure 
(above normal) in the incident, transmitted, and reflected waves, respectively (Figure 
14). Let the particle velocity be measured positively in the direction of propagation 
of the incident wave. Then, if u, u’,u” denote the corresponding particle velocities, 
and if p,, c, and 2, c2 denote density and speed of sound in the first and second 
mediums, respectively, we have p = 01c,uU, Pp’ = paceu’, p” = - prc, u'(the negative sign 
because of the reversed direction of propagation). At the interface 
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or 
wan | ad Ties aged Da 
Pic, Pic, P2lo 
Solving, P 
p= Poe, p, p= Polo — Pie) p 
iGhiaP Tes Pil) + Pele (7a,b] 


The reflection coefficient, or fraction of the incident energy that is re- 
flected, is : ‘ 
Et) (prcrseniey) [8] 
We note that everything depends 

upon the acoustic impedances of the medium. 
If these are equal (pic, = p2c2), no reflec- 

tion occurs. If pici< pec2, p’ and p have 
the same sign, that is, compressions are re- 

| 2 flected as compressions and rarefactions as 

rarefactions; if p1c1>pz2cz, p” and p have 
p,u opposite signs, so that compressions are re- 
flected as rarefactions, and vice versa. If 
ao ee c= 0, or if p,= 0 as for vacuum, R = 1, re- 

piu" flection being total. 

Some numerical values for waves in 
sea water reflected from various mediums are: 


R 
Figure 14 p/p 


1 - 0.0011 
- 0.99946 


1. OBLIQUE INCIDENCE 

If a plane sound wave falls upon 
a plane interface at an angle of incidence 
6 (Figure 15), the problem of reflection is 
easily treated provided one medium can be 
assumed to slide without friction over the 
other. Then, equating components of the 
particle velocity perpendiculer to the in- 
terface in the two mediums, we obtain 

Pp’ 2poc, cos 0 


P ~ pyc, 0086 + pic, cosd’’ 


BE" _ P2¢,008@ — pic, C08 6 [9a,b] 
P P2C,c08 8 + pic, C08 0’ Figure 15 
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6° being the angle of refraction so that 
c2 Sin 6 = ¢, sin 0’ {10} 
As before, the coefficient of reflection is R= (p"/p)?. 

If, however, as in all actual cases, sliding between the mediums does not 
occur, the boundary conditions cannot be satisfied merely by superposing upon the in- 
cident wave a reflected and a refracted one. A local disturbance must then occur near 
the interface, which involves shearing motion in both mediums. There should, however, 
be no appreciable effect upon the waves, so long as the amplitude remains small. If 
the waves are not spherical, or if c, sin@>c,, so that total reflection occurs, the 
phenomena at the interface are more complicated. Special effects due to this cause 
are utilized in geophysical sound-ranging. 
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III. WAVES OF FINITE AMPLITUDE 

Waves of appreciable amplitude should possess none of the properties listed 
for waves of indefinitely small amplitude, except in approximate degree as the ampli- 
tude becomes rather small. In water, effects of finite amplitude should be appreci- 
able at wave pressures exceeding 2000 pounds per square inch. 

The various parts of a wave of finite amplitude travel at different speeds 
for two reasons. In the first place, the wave is carried along by the medium in its 
motion; and in the second place, the wave velocity itself usually increases with in- 
creasing density of the medium. Hence regions of higher pressure are propagated 
through space faster than regions of lower pressure. Consequently, a compression, as 
it advances should become pro- 
gressively steeper at the rear, 
as suggested in Figure 16. There 
is some experimental evidence in Ep 
support of this conclusion from 
theory, at least in the case of 


+ 
sound waves in air. 
The final result of 
such a process would obviously p<0 
be the production of infinite 
gradients, i.e., discontinuities Figure 16 


of pressure and of particle ve- 

locity. When a discontinuity comes into existence, however, the ordinary laws of 
hydrodynamics fail. A special theory for the further propagation of such discontinui- 
ties has been given by Riemann (10) and Hugoniot (15). This theory will next be de- 
scribed. 


201 
APPENDIX I | 42 
4. SHOCK FRONTS 


IV. SHOCK FRONTS 

Let P be a plane dividing the medium into two parts, and let the total pres- 
sure in the medium be p, on one side of this plane, and pez on the other side. Let the 
corresponding densities of the medium be »p, and pg. Let the medium on the first side 
be moving with velocity u,, and that on the second side with velocity we, the motion 
being perpendicular to the plane and the positive direction for u being taken from 
medium 2 toward medium 1 (Figure 17). Thus at Pa discontinuity may exist not only in 

the pressure and the density, but also in 
the particle velocity. It was shown by Rie- 
mann that the laws of the conservation of 
2 | matter and of momentum could be satisfied by 
assuming that the discontinuity at P propa- 
gates itself from medium 2 into medium 1 at 
Poy Up ae, ue at a velocity U given by Equation [11], pro- 
<3 vided uw, and wz have values such that Equa- 
Po Pp tion [12] is satisfied. Such a self-propaga- 
ting discontinuity is called a shock front. 
As the shock front advances, suc- 
cessive portions of the medium undergo a 
P discontinuous change from density p, and 
pressure p, to p2 and pe, at the same time 
being accelerated from velocity u, towo. 
Figure 17 It was pointed out by Hugoniot that a certain 
change in the energy of the medium would also 
be required by the law of the conservation of energy. He showed that if E,, E2 denote 
the internal energy per unit mass of the medium in the two regions, then the difference, 
E2— E,, must have the value given by Equation [13]. In ordinary sound waves FE varies 
with p according to the law that holds for adiabatic changes of density, the change of 
E representing the work done by the pressure in compressing or rarefying the medium. 
To satisfy Equation [13], E must vary with p more rapidly than according to the edia- 
batic law. 

Now in the phenomena of viscosity and of the conduction of heat we are fa- 
miliar with irreversible processes by which the internal energy of a medium can be in- 
creased, with an accompanying increase in its entropy. No process can be imagined by 
which the energy might be decreased; probably such a process would violate the second 
law of thermodynamics. Hence it is assumed that a continuous irreversible conversion 
of mechanical energy into heat occurs in the shock front, of sufficient magnitude to 
make Equation [13] hold. The energy thus converted is brought up to the shock frent 
as it progresses by the ordinary processes of mechanical transmission of energy through 
the mediun. 

It can be shown that positive amounts of energy will be delivered to the shock 
front only if p2>p,, and hence p2>p,. Thus only shock fronts of compression can occur. 
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In such a shock front the medium undergoes a sudden compression, and its temperature 
rises by an amount greater than the rise of temperature due to an adiabatic compres- 
sion of the same magnitude. 

A further condition for the existence of a shock front may be derived from 
Equation [12], in which the positive square root is meant and hence it is necessary 
that ua. 

Thus we have for the velocity U with which the shock front travels in the 
direction toward medium 1, the change in internal energy of the medium produced by its 
passage, and the necessary conditions for its existence: 


= V2 eels ee Py) Ps = Py {11] 
De ab pippeteie “2 Vibe Pe Pi 
Ug — = Vals (Pp — Py) (P2 — Pi) [12] 


at Ae aera 
E, — BE, = > (P, + Pr) F ra) {13] 
U2 >U1, P2> Pir P2 > Pi [14] 


Equation [13] is known as the Hugoniot relation. 

From Equation [11] it can be shown that the shock front advances through 
medium 1 faster than does an ordinary sound wave in that medium, whereas its speed 
relative to medium 2 is less than the speed of sound in that medium, i.e., if ci, ca 
are the respective speeds of waves of small amplitude in the two mediums, 

It follows that no effects from the shock front can be propagated into medium 1, and 
the values of p1yfi, U1, Will therefore be determined by conditions elsewhere in that 
medium. Effects of conditions elsewhere in medium 2, on the other hand, propagated 
with the speed of sound, can overtake the shock front. We can regard these effects as. 
furnishing one condition for fixing the values of pz and wz Just behind the front. 
Equations [12] and [13] furnish two other conditions for the determination of the 

four quantities p,, uj, p>. and E,; and a fourth relation is furnished by the function- 
al relation between E, p and p that is characteristic of the medium. 

Since the existence of a shock front involves a continual dissipation of 
energy, it may be expected that shock fronts will usually weaken as they advance and 
ultimately disappear. As the ratio p2/p, or pa/p, approaches unity, a shock front 
approximates to an ordinary sound wave, and its velocity of propagation U reduces to 
the speed of sound. 

In a physical medium, actual discontinuities are doubtless impossible. If 
the theory is amplified so as to allow for the influence of viscosity and of heat con- 
duction, which are ignored in the ordinary theory of compressive waves, it is found 
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that there is a limit to the steepness of the pressure gradient that can be propa- 
gated through a medium (11), (12). Waves of intense steepness can occur, however, in 
which conditions on the two sides of the steep gradient are related by the shock-front 
Equations, [11] to [14]. Such waves might be called physical shock fronts, in con- 
trast to the mathematical shock fronts just discussed. The thickness of a physical 
shock front should be of microscopic magnitude (for the method of estimating, see 
Reference (12)). 

The theoretical determination of the distribution of pressure within an in- 
tense physical shock front presents a difficult problem because the ordinary theory of 
viscosity and of the conduction of heat mey be expected to fail when the thickness of 
the front ceases to be large as compared with the distances between molecules. 
Furthermore, various forms of thermal hysteresis are likely to occur. 

A certain amount of experimental evidence exists in support of the theory 
of shock fronts, especially as to the occurrence of speeds of propagation much exceed- 
ing that of ordinary sound waves. 

Detonation waves in explosives are believed to be shock waves in which a 
chemical transformation occurs almost instantaneously as the wave passes. Because of 
the chemical change, an enormous rise of temperature occurs, and the pressure in- 
creases, as the wave passes, much more than it would owing to the increase in density 
alone. 
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APPENDIX II 
RADIAL NON-COMPRESSIVE FLOW ABOUT A CENTRAL CAVITY 


I, FUNDAMENTAL EQUATIONS 
When incompressible homogeneous liquid flows with radial symmetry about a 
point 0, its velocity u outward from O can be written 


u=% (1) 


where r denotes radial distance from 0, and u, the velocity at r = 1, which may be a 
function of the time. Suppose the space within a sphere of radius r, about 0 is free 
from liquid; it may be empty or it may contain gas. Let uw, denote the value of u at 
r=yr,. Then u, =u,/7,* and we can also write 


2 
u = Uy (72) {2] 
Because of this simple distribution of the velocity, it is possible to in- 


tegrate the equation of motion of the liquid, 
ee (3) 


ot or s Or 
where p is pressure, ¢t is time, p is density. From [1] 


a Oe Be 
Ho ee [4] 


Hence we can write [3] in the form 


re dt ""* 2 dr p Or 
Taking [e dr of each term in es a take and noting that 


i) [Bar =p eats) 


where p, is the pressure at Laide and p that at distance 7, we obtain 
ed ee 


SS ig 


1 = 
+ p (2) = PP) 
p= p(t fu, — Fw) + py [5] 
This equation can be written in two other useful forms by using [4] or by writing, 
from [1], w,, = 7, °u,: 
p= p (rot — dw) + py [6] 
p=p[iz (r2u,) — 5 w] + po (7] 
Equation [6] expresses the pressure pat any point in terms of the velocity 
near that point. Equation [7] connects p with conditions at the cavity. Another ex- 
pression for p, containing the pressure p, at the cavity, is obtained if we write down 


[5] for r=r,, namely, 
= (ae as 2 
B= Py de 2M) + Po 
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and eliminate wu, between this equation and [5] 
r, 
p= 2 (p, + 4 pus — m) — 5 pu? + Po [8] 
The impulse at any point distant r from the center can be found from [6] or [7] 
fw — py) dt = prAu — x p[urdt = PA(pu, = 5 pfurde [9] 


where A denotes the change of a quantity during the time of integration. If r is 
large, fu 2dt can be neglected. 
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II. OSCILLATIONS OF A BUBBLE IN INCOMPRESSIBLE LIQUID 
Suppose now that the cavity contains gas of negligible mass; let the gas be- 
have adiabatically, losing or gaining energy only by doing work upon the liquid. An 
equation of motion for the bubble of gas can be obtained by putting in [7] p= Ps 
r= 7, andu = 4u,, carrying out the differentiation, and noting that wu, = dr, /dt: 
2 

R= P E (<2) + 1% <# + Dy [10] 
Multiplying this equation through by 7,2 dr,/dt and then integrating with respect to 
the time, we obtain successively 


dr, 3 dr,\>, 3 at% = dr, 
7-29 — —aegateal (ae at ey by eet 
Povo at | i ie ) + at dt2l* ™ ae 
2 
| pon? dr, = Pre ($2) + t Pot? + const. [11] 
Now the volume of the gas is 
4nrj 
vy = “3% [121 


hence 


2 See & odW: 
Baty Ory = Pat 4a [13] 


where Wis the energy of the gas. Thus we can write 


[roi dn, =— S + const. 
Then Equation [11] can be written 
dr,\2?_ C W 2 p 
SAE \ Ve eee Es ee) 1 
(a2) iia tenpre po <p ae 


where C is an arbitrary constant dependent on the initial conditions. If the gas is 
ideal,. and if the ratio y» of its specific heats is also constant, 


Wie fee, Pgvz = A= const. 


y-1 
and, using [12] we find : 
J heey (Sc Secale ana 
2npr, 4n 2mp(y—1) nr (15] 
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In any case, let the constant of integration in W be so chosen that W>0. 
Since W>~oas r,>0, the right-hand member of [14] is negative at r, = O and 
at r,=0. If C is large enough, however, it. will be positive between two values 


T, = 7, and r, = r2 which are the roots of 
G Ww 2 


= -—-=f=0 [16] 
' ip 27p i 3p 
Then the bubble will oscillate between the radii 7, and rz with a period T given by 
_ of 2dr) 
T= 2) faa ote 17] 
1 


the integrand being given in terms of 7, by [14]. Even if the gas is ideal, the inte- 
gration involves, in general, unfamiliar functions. 


1. SMALL OSCILLATIONS 
Let r, be the value of 7, at which the bubble is in equilibrium, with its 
pressure Pp, = P+ If it is slightly disturbed from this position, it will execute 
simple harmonic oscillations about 7% = 7). For such motions, we can neglect (dr,/dt)? 
in Equation [10] and also put r, = 7) obtaining 
dr, 1 ( 
= rao Par By) 


dt” PT, 
Since p, - p, is small, we can write 


Py- Py = (1% — 7) —Po 


The period of the oscillation is, therefore, from the usual formula for 
harmonic oscillations, 


d pd 
r= an org (- $2) i: [18] 


the derivative being evaluated at 7 = 1%. 
If the gas is ideal, so that pv,” = p, (4r73/3)” = const., 


Hence 


T, = ann Va > [19] 


0 
2. LARGE OSCILLATIONS 


As the amplitude of the oscillation increases, the period, given by [17], 
increases slowly. For r,/r, = 5.9, numerical integration gives T = 1.30 T, (20). 
When the ratio r,/r, becomes lerge, e good approximation can be obtained as follows: 

At r= 7, the term containing Win [16] or on the right in [14] cannot ex- 
ceed the term containing C, else the whole would be negative. As r increases from 7), 
the Wterm decreases faster than the Cterm. Hence, if r2/7, is large, the W term is 


207 
APPENDIX II | 48 
2. OSCILLATIONS 


negligible over most of the range from 7, to rz and especially near 1, = rz. Let us, 
therefore, drop this term altogether. Then [16] gives 


Zaps 

== ° 20 

C Taras [20] 
Furthermore, since the range of integration greatly exceeds r,, little error will re- 
sult if we also extend the range back to r, = 0. Then [17], [14] and [20] give 


a r, 
2 


reer eae 
0 


Write 


—— r, sin’ 6 , dr, = (=) rsin *6 cos eae 
Then 


The integral can be expressed in terms of gamma functions or evaluated numerically; 
its value is 1.124. 

In the applications, however, it is more convenient to express JT in terms of 
the maximum energy W of the gas, which is its energy at minimum size, when 1, = 1. 
Since r2/r, is assumed large, it is evident from [20] that, when T, = 7%, the first 
term in [16] is much larger than the third and must, therefore, be nearly equal to the 
second. Hence, with the help of [20], 


W, 27-8 me ei Le ([21a,b] 
2ap Oe Sphere Ge = 

approximately. Thus, evaluating the constants, 
JP SS W533 eR P Sel Apa Dy fi J 


valid for large rs/r, (perhaps re/7, >10). 
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III. PRESSURE AND IMPULSE IN THE LIQUID 

The pressure p at any point in the liquid, as the bubble oscillates, is 
given by [8] in terms of the pressure p, of the gas and the velocity u, or dr,/dt of 
the interface, which is given in turn by [14]. Or, in Equation [7] the pressure is 
given in terms of r, and u,. To find p as a function of the time, Equation [14] must 
be integrated. 


Expressions for the impulse in the liquid are easily obtained from [6] and 
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[7]. At large r, the Bernouilli cerm(1/2)pu? can be neglected. Hence, integrating, 
we obtain 


J(w— n)dt = prdw = 2 A(riu,) [23] 


where u denotes the velocity of the liquid at the point in question, and A the total 
change during the time covered by the integration. The value of r is held constant 
here whereas 7, varies with the time. 

The total positive impulse during an oscillation can then be found, provided 


we know the maximum value of 7,7u,. From[14] 
1 
2 Ww 2 p 4\2 [24] 
rus = (Cr, =F 2Q7p Ty a i) 
This is a maximum for such a value of r, that 
Ww iS fy, 8 
ee EE SE Eos 0 
27 p 3: up" 4 


In the case of large oscillations, i.e., large r2/7m, this last equation can be solved 
approximately. For then we can write it, using [20], 
2 Do sels 8 Dy Bg W 


es Dee fe 2p 
The value, r, = sa Tra, is too large, for it makes the left side of this equation zero; 
but for such values of r,, as we have seen, W/2mp is small as compared with C or (2p,/ 
3p) r3. Hence a small decrease in r, will satisfy the equation. Neglecting this de- 
crease, we have, therefore, approximately, 


sage 
at 
Inserting this value of r, in [24], dropping the term in W, and using [21a,b], we find 
1 eat Ba 
2 2\2 ~6 / 3W, \3 
(7% Mp) max = (=) Po 4) 


Inserting twice this value for A(7?u,) in [23], we obtain finally for the total positive 
impulse, during the part of the oscillation in which p> Dy at a large distance rv from 
the center, 
SIN oe a ase 
— 0.432 2 6 3 
[(e—apat = Pr W, (25] 


r 


THE HYDRODYNAMIC THEORY OF DETONATION AND 
SHOCK WAVES 


G. B. Kistiakowsky, E. Bright Wilson, Jr. 
Harvard University 


and 


R. S. Halford 
Columbia University 


American Contribution 


1941 


pe varios Tid Slay bo siamo hy eting 


Wa eke ae 


ae aioe tis itis) Oe 
bee arty Nie dad become fd oo yra Lie 
| Li eee, ae ee lee ; 


e : oie Ch: ln 
he " y 
, ‘,*, a le Wy 5: ¢ se j 
Au \eane aera fer vos «rv? as ' 7 
a I bine asa  saieeninciecate = 
TS eres Sern einai en > hd on snipe i 


Wh he vied oon, A/T SD 
an « BB oe rr av, elky otiaep 
kot ot eaten aly. 

sg 


Reh = ‘y i Tadd ioe bay ie 


aa 2 : ts ‘ 
le me ee | i 
a Ue ed 
‘an ay ie \* te: es levis. iter Li ohh 


i hie (8 Bre 


Aibeta asics 1D, bation fey! dl ati.) wp toby Pe a ee feb wi 
nv gh hiv ee OP hae orci letien 46 WH bald cmd Meir + al iS 
a ines 


| | ign vt - a 


ae 
ny a 
* an \ i 
or ee i 
= Sah «4 CO ie é 
ras is i = i ie tal , 
DAN oe) >. ie hae 3  ¢ I 


209 


THE HYDRODYNAMIC THEORY OF DETONATION 
AND SHOCK WAVES 


by 


G. B. Kistiakowsky, E. Bright Wilson, Jr. 
Harvard University 


and 
R. S. Ealford, Columbia University 
1941 


Abstract 


The fundamental equations of the hydrodynamic theory of one-dimensional 
shock waves, i.e. the equations of conservation of mass, momentum and energy, 
are developed. These are used to calculate the properties (velocity, mss- 
velocity, temperature and pressure rise) in shock waves in air and water. 
With one additional equation, they suffice to permit a calculation of de- 
tonation velocities in gaseous and solid explosives. Predictions of de- 
tonation velocities as a function of loading density are thereby achieved, 
accurate to a few percent. Pressures, temperatures and mass-velocities 
inside the explosive are alsc computed. The question of the rarefaction 
wave following the detonation front in the explosive is investigated. The 
initial velocity, pressure etc. of the shock wave produced at the end of a 
stick of explosive are calculated successfully. The aying away of shock 


waves, problems of reflection etc. are also discussed briefly. 
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Symbols 


On an equation no., means for ideal gases only. 
as subscripts, refer to initial and final state. 
velocity of sound in ideal gas at Py, Vi. 
Gv/nR (Sec. 20). 
velocity of sound. 
specific heats at constant V and P. 
Rifferential symbol. 
base of exponentials. 
arbitrary function, Eq. (103). 
1- ~%2z/> (Sec.20). 
arbitrary function of T (Sec. 20). 
subscript, meaning ideal state. 
constant in Iq. (89), also subscript for kth product. 


N, Np no. of moles of gaseous products from M grams of explosive 


RU Eta) aed rs Al Bete Pett Gina eo eset a erst Ko 


; noida 
cB aym DR 3 


no. of carbon atoms 
no. of hydrogen atoms 
no. of oxygen atoms 
no. of nitrogen atoms, also time 
volume occupied by M grams 
piston velocity 
cartesian coordinate, also abbreviation for Khf. 
abbreviation, Eq. (45). 
abbreviation, Eq. (7%). 
coef. in heat capacity Eq. (54). 
W " " " mW W 
heat capacity at constant volume (M grams), C mean heat capacity. 
detonation or shock wave velocity. 
internal energy per unit mass. 
function of x, usually 1+ xe @*. 
subscript meaning differentiation along Hugoniot curve. 
heat of formation 
covolume constant, Eq. (51). 
molecular weight. 
pressure (usually c.g.s. units). 
heat absorbed at constant volume per M grams. 
gas constant per mole. 
entropy per gram. 
absolute temperature. 
constant of integration (Sec. 20). 
mass velocity. 
Specific volume. 
coordinate of piston 
constant in Eq. of state. 
W " Ww v W 
Cp/cy 
abbreviation Iq. (15). 
‘ Hig. (iP). 
thickness of slice. 
density. 
time for piston 
angle in Eq. (21). 
abbreviation, Eq. (90). 
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1. Introduction 


a. The detonation velocity. When a stick of explosive is detcnated from 
one end, the chemical reaction which occurs takes a very short, but never- 
theless. finite, time to travel to the other end. This velocity of propaga- 
tion of the chemical reaction is called the detonation velocity (D) and is a 
constant for a given material and density, provided that some conditions are 
Satisfied, e.g.: the stick is not too narrow, the particle size not too 
large, initiation was strong enough, etc.. The progress of the explosion down 
the stick is accompanied by an immediate and very large increase in pressure 
and temperature. In fact the pressure in the burnt gases immediately behind 
the detonation front may be as great as one hundred thousand atmospheres and 
the temperature may run from 3,000 to 5,000 degrees Centigrade. In addition, 
the burnt gases acquire a very high forward velocity, Whereas the detonation 
velocity, which is the velocity of progress of a condition and not of any 
mtter, may run from 3,000 to 8,000 meters per second (ca. 7,000 to 18,000 
mph!), the actual material velocity falls in the range 1, 000° to 2,000 meters 
per second. 


b. The reaction zone. The time required for the explosive to react 
essentially completely to the burnt gases is, under favorable conditions, so 
Short that the zone in which reaction is takins place at any instant is ap- 
parently very narrow, Consequently a mathematical plane dividing the un- 
touched explosive from the burning material travels along the stick with 
velocity D, followed very closely by the plane which divides the burning 
mterial from the essentially completely reacted gases. The rise in pressure, 
temperature and mterial velocity takes place in this narrow reaction zone, 
Little quantitative information is available about the thickness of this 
zone except that it must be quite narrow. It may well be that this thickness, 
which measures the peepeucee of the rise in pressure, is an important measure 
of the ability of the explosion to cause destruction. However, for the pur- 
pose of calculating ee velocity of detonation its exact value is not 
important and for mathematical Simplicity, the zone is assumed to be 
infinitely narrow. 


c. Rarefaction behind the detonation. Even when the explosive is 
strongly confined in a pipe with the end containing the initiator closed, the 
region of high pressure, temperature and material velocity must be followed 
by @ region in which the pressure and temperature are falling to somewhat 
lower valves while the material velocity falls to zero. Such a travelling 
region of falling pressure is called a rarefaction wave. Its front moves 
with approximately the velocity D but its back surface moves somewhat more 
slowly, actually with the velocity of sound in the burnt gases in the condi- 
tion in which they are left after the passage of the rarefaction wave, It 
will be shown that the detonation velocity D is equal to the velocity of 
sound in the heated, compressed gases in front of the rarefaction wave plu 
the material velocity of these gases. The rarefaction wave thus i ore 
Spreads out. 
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The rarefaction wave may affect the observed detonation velocity if the 
rarefaction wave follows so closely on the detonation front that the region 
of reaction is overlapped by the rarefaction. This phenomenon has been 
little studied but may account for the lower velocity observed in narrow 
tubes, in which the radial expansion also produces a rarefaction wave. 


ad. Theory of finite waves. Many of the above statements can be 
verified by direct experiment, while others are consequences cf the hydro- 
dynamic theory of detonation and shock waves, the subject of this report. 
This theory has been developed over the past century by many investigators 
and is now quite universally accepted as a valid treatment of the general 
features of the problem, The theory originally arose from a consideration of 
sound waves of finite amplitude so that it is worth while discussing these 
here. 


The ordinary theory of sound is applicable only tc waves of infinitesimal 
amplitude. Investigation shows that that part of a compressional pulse which 
is of sreater amplitude travels faster than the parts of lower amplitude. 
Therefore the shape cf the pulse changes as it moves along, the top tending 
to catch up with the front. The pulse thus becomes steeper and steeper. If 
viscosity and thermal conduction (and the finite time required to establish 
equilibrium) are neglected, the pulse will ultimately acquire an infinitely 
steep front; i.e. a discontinuity in pressure and temperature will be formed. 
This 1s called a shock wave. The material behind the shock wave also 
acquires a forward material velocity. 


The formation of a discontinuous shock wave may be made to seem reason- 
able by the following qualitative argument. Let a piston in a long tube be 
given a sudden small velocity. A sound pulse will be formed which advances 
ahead of the moving piston with the velocity of sound in the medium, The gas 
in front cf the piston and behind the sound pulse will be moving with the 
velocity of the piston. Now increase the velocity of the piston by another 
sudden small increment. A second pulse will start travelling with the 
velocity of sound rolative tc the moving gas and therefore actually travelling 
with the velocity of sound plus tho previous velocity of the piston. This 
pulse will thus catch up to the first one. Carry this procedure further and 
it is clear that a piling up cf pulses will occur which will produce a dis- 
continuity. 


e. Rarefaction waves contrasted with shock waves. Reversing the above 
arguments, we see that rarefaction waves of finite amplitude will tend to 
Spread out instead of piling up. In the absence of viscosity stc., rarse- 
faction waves are thermodynamically reversible phenomena, i.e., no change of 
entropy is involved and the ordinary laws of adiabatic expansion can be ap- 
plied. Shock waves on the other hand are irreversible; there is a continual 
dissipation of energy into heat. This may seem strange when viscosity, etc., 
are neglected but if the shock front is infinitely steep, dissipation can be 
caused by infinitely small values of the viscosity and neat conduction. 


f. Basic principles of hydrodynamic theory. It is assumed that every- 


where in the material there is conservation of mass 4nd energy and that all 
motions are governed by Newton's Jews. Furthermore, for simplicity it is 
usually but not necessarily assumed that the viscosity, thermai conduction 


e. 3 Eq. 1-4 


and wall conduction are negligible. In any numerical calculation it is also 
necessary to have equation of state and specific heat data for the materials 
involved. Upon these simple and unquestionably valid foundations it is pos- 
Sible to build a theory which 1s capable of predicting a considerable frac- 
tion of the observed facts and in addition providing information not yet 
capable of direct observation. 


2. Basic Differential Equations 


In regions of space and time in which no discontinuities occur, the 
basic equations of conservation of mass, momentum and energy can be expressed 
as differential equations. 


a. Conservation of mass, Consider a very thin slice of the mterial 
in the tube. Let the thickness of the slice be §: its pressure P, its 
density @ and the absolute velocity U at any instant. The position of the 
Slice along the length of the tube is given by the coordinate x. If the 
matter in the back face of the slice moves forward with the velocity U while 
that in the front face has the velocity y+ ke € , then the thickness of 


the slice will change with time as follows: 


dS _ eeu (1) 


The slice is a definite portion of mtter so that its mass must remin 
constant. Therefore; 


d ;. = 
a (80) =o, (2) 


or, combining equations (1) and (2), 
Ne cat (3) 
at ae? 


an equation which is an expression of the law of conservation of matter. 
b. Conservation of momentum. Newton's Jaw of motion can be expressed 
as follows. The force on the back face of the slice is P (for unit cross- 


section) while the force on the front face is -P- iZP 8 . Consequently the 
law of motion becomes ee 


fend ara (4) 


where ‘ has been cancelled from both sides. 


c. Conservation of energy. The law of conservation of energy can be 
stated in the form; the increase in the internal energy and kinetic energy 
of the slice in unit time equals the net work done on the slice by the forces 
on its faces in that time. The work done on the back face is the force times 
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the distance it moves in one second, or PU. Consequently the energy equa- 
tion is 


CS (n+ re w@) = - SD), (5) 


where © has again been omitted from both sides. # is the internal energy 
(chemical and thermal) per unit mss. This equation may be expanded and 
then simplified by combining it with Iq. (3) and (4). The result is 


RHE FL enrate ey 6 
ag PR) (6) 


Eq. (3), (4) and (GS) are the fundamental equations which must be satisfied 
by (A> P, E and U. 


, 


5. Conditions at a Discontinuity 


The differential equations of Sec. 2 govern the situation wherever no 
discontinuities occur, but if there is a discontinuity in Cy P or U the con- 
ditions of conservation limit the values of the density etc. across the dis- 
continuity. 


a. Basic equations. Ina time dt an amount of mass (°y(D - Uz) dt is 


brought up to a moving discontinuity (velocity D) from the right, if the sub- 
script 1 denotes the properties immediately to the ricsht of the discontinuity. 
The cross-sectional area is unity. The mass Po(D - Up) dt is taken away on 


the left in the same time. When dt is made very small so that the layers on 
either side are infinitesimal, the matter brought up on the risht must equal 
that removec on the left so that 


ees eavore ee EN Commae (7) 


even if D is not a constant. 


Similarly, the change in momentum of a very thin slice of mtter of 
mass (1 (D = U;) upon the passage of the discontinuity can be equated to the 


force acting; i.e. 


(1 - WY -)=%-F- a 


Finally the wort: done on the slice by the forces acting must equal 
the increase in energy so 


2 2 
PoUp ~ yy = Py(D - Uy)(Bp - By + 4 U5 - 3 04), (9) 
where 3 is the internal enersy per unit mass. 


b. Another form for basic equations. From the above equations by 
straight algebra one obtains (if V = 1/P ) 
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Dis Uj) + Vy f (Po - Py )/(Vy - Vo), (10) 
| FMR Te a 
U, =U, + V (P, “ Ps (V5, - Vp) A (11) 
Bp Ss Ty = = (Py + Po) (Vz - Vo) ¥ (12) 


Knowledge of the equation of state and heat capacity enables one to 
calculate EH, - Ey as a function of Pp and Vp 80 that Hq. (12) becomes a rela- 


tion between Po and Vo (for given Pi, V,). This is called the Rankine? 


Hugoniot” relation. A typical curve of this kind is shown in Fig. 3-1. It 
Should be noted that this curve 


Fig. 3-1 


wU 


ge ee 


V., 
Aa 
is not the same as either the adiabatio or isothermal P-V curves. 


Since there are three equations involving the quantities, Pj, Vj, Uj, 
D, Po, Vo, Up, a knowledge of Pi, Vy, U, and one of the others enables all 
to be computed. 


A snecial type of discontinuity satisfying the above equations is worth 
notins;. it is one in which D=U;=U5, Po=P), but Vivo and To#T,- Such a 
discontinuity (which may be a boundary between different kinds of gases, for 
example) would not be stable for long if heat conduction and diffusion were 
considered, but is of practical importance in the short time intervals cf 
interest here. 


The solution of a given problem is therefore determined if values of 
P, V and U can be found which satisfy the differential equations (3,,6) 
wherever the properties are continuous, fit the relations (10-12) at all 
discontinuities, and are such that U equals U of the pistons, if any, closing 
the ends of the tube. 


4, Simple Shock Waves in an Ideal Gas 


a. General considerations. A simple and yet important application of 
the basic equations is to the problem of a shock wave produced in a perfece 
ges ina tube by a piston suddenly accelerated to a constant velocity w. ‘Th 
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situation is shown in Fig. 4-1 in which the ordinate represents distance 
alongs the tube and the abscissa represents the time. The full line gives 
the yosition of the piston as a function of the time, while the dashed line 
shows the progress of the shock wave initiated by the sudden acceleration of 
the piston. 


D 
/ Po, Vo, Ww 


Fig. 4-1 


The region in front of the gas is at rest with pressure Pj and snecific 
volume Vi: The as behind the shock wave is at the higher pressure Pp, 
lower specific volume Vp (higher density), and is moving with the uniform 
velocity w, that of the piston, The values of Pp, Vo, w, Py and Vj are con~ 
nected by the three basic equations of Sec. 3. The motion of the gas on 
other side of the shock wave must satisfy the differential equations of Sec. 2. 
Obviously, a mass of gas of uniform density and pressure moving at a uniform 
velocity does satisfy these equations. The three equations at the discon- 
tinuous shock front are just sufficient to svecify the unknowns D, Po and Vo 
in terms of the piston velocity w. 


b. Application te an ideal gas.* If the heat camacity is assumed to 


be constant, the energy of a verfect sas is 


B= Gy i=rey) (5 EP Ty), (13 )* 


where c, is the specific heat at constant volume and T the absolute 


Vv 
temperature. Insertion of this and the equation of state 


PV = Ri/M 


(R is gas constant per mole and M the molecular weight) into the basic 
equations of Sec. 3 leads to the following results. 


]H + Vie pu? t (14) 


D 


~——— 


/ 


he He + ee (15)* 
(l+ ¥ )w/ta , y = 1/4 (L+ ow | 


V ver, /t 25 a 


* Nquations valid for ideal gases only will be marked with the symbol *, 


where KB 


and a 
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Here a is the velocity of ordinary sound in the original medium, and 
y= ices the ratio of the specific heats at constant pressure and volume, 


This expression reduces to D=a for w=0, as it should, and to 
Dos (1+ y)w (16 


for w large. Furthermore, accurately, 


Pp - Py = Dw/V, , (17 
(Vo/V;) =1- (w/D) ESS (¥-1)/( 7+ 1), (18) 
and To = Ty = 4 [ (Po + P1)/ (25 es P)) | w" [ey . (19 


The table shows the results of some calculations for shock waves in 
, based on these equations, Here a = 53.4 10' om./sec., y = ile 


Vi = 380 ec. per gram, Cc, = 0.9 x 10! erss/g./deg., R/M = 2.87 x 10 
ergs /deg. /gram, PL =e eur, 


w/a = 0.5 1 5 10 20 
D/a = oe Le fend Golke 12h 2h, 
Po = 1.87 Bo | a 158 625 atm. 
AYRE) = 0.65 O.44 0.19 0.17 167 
f= Tye 53° 120° 1720°  6500° 25600° Cc. 


These results are obviously only illustrative, since the variation of 
specific heat with temperature should be taken into account. They do, 
however, show that very high temperatures and velocities are accompanied 
by relatively low pressures, which is in agreement with the fact that shock 
waves in air are not particularly destructive comnared with similar waves 
in water. 


More accurate results for air are given in Sec. 16a where the variation 
of Specific heat is taken into account. 
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PART II. CALCULATION Ol DETONATION VELCCITIUS 


Die Chapman *-Jouget” Condition for Detonation Velocity 


A detonation wave differs from a shock wave in that it is self-sustain- 
ing. The energy equation must include the chemical energy released by the 
explosive on decomposition. Furthermore, the velocity of the detonation, D, 
is not controlled by the velocity of the piston, nor indeed is a piston 
necessary, There are therefore four unknown quantities, D, Po, Vo and Us 


and only three conditions (mass, momentum and enerzy). A fourth condition 
is therefore necessary, No entirely satisfactory proof of this fourth con- 
dition has been given, but it is generally accepted that it is 


D=Up + Co y (20) 


where Cy is the velocity of sound in the gas behind the detonation wave and 
Up is the mass-velocity of this gas. This is equivalent to taking D as the 
minimum velocity compatible with the other conditions, as will be shown. 


Chapman merely postulated Hq. (20), but it can be partially supported 
by the following arguments: The detonation velocity D, being given by 


(Eq. (10)) 
D= Vy \ (Baie PL) / (v, 7 Vz) ’ 
is therefore also equal to 


where P is the angle between the line A Z% and the negative V axis in 

Bis, 5-1. Z is the final point Po, Vo and A is the initial point Pi, Nats 
which does not lie on the Hugoniot curve in the detonation case, The point 
J is the 


D 


Fig, 5-1 


point of tangency of lines from A and is therefore the final state Po, Vo 
which gives the minimum value of D,. 


If the final P and V correspond to a point on the Hugoniot curve higher 
than the point J, it will be shown that the velocity of sound in the burnt 
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gases is greater than the velocity of the detonation wave relative tc the 
burnt gases, Consequently, if a rarefaction wave, due to any of a number 

of causes, starts behind the detonation wave, it will catch up with the 
detonation front. The rarefaction will then reduce the pressure, causing 
the final P and V to move down the curve toward the point J of Fig. 5-1. This 
explains why points above J on the curve are not stable. The rarefaction 
wave might be started by a deceleration of the piston, by turbulence back of 
the detonation front, or by loss of heat in the burnt gases through conduc- 
tion, etc. At the point J, the velocity of the detonation wave is equal to 
the velocity of sound in the burnt gases plus the mass velocity of those 
Gases, so that rarefaction waves will not then catch up with the detonation. 


The argument which is used to exclude points on the Hugoniot curve be- 
low J is based on the entropy of the products. Consider the two points Y 
and Z on the same straight line from A (Fig. 5-1). Both Y and Z correspond 
to the same detonation velocity D by Eq. (21). It will be shown that the 
products of combustion have a greater entropy at Z than at Y. Consequently 
Z is a more probable state than Y. This is true for all pairs Y and Z% ona 
line from A until Y and Z coincide at J. Therefore points above J are more 
probable than points below J but points above J slide down to J because of 
the effect of the rarefaction wave, so that J represents the stable and 
point. The condition of tangency therefore provides the additional condition 
required to specify the detonation velocity D uniquely. 


The statements made above remain to be proved mathematically and this 
will now be done. First consider the velocity of rarefaction waves, The 
velocity or sound in a medium is given by 


by = Vy (ap /AVp) gy (22) 


the subscript S denoting that the entropy is held constant. It is there- 
fore important to investigate (dP5/AV5 )g for various points on the Hugoniot 
curve. In general. 


mp = ar 23 ) 
Pods, = 40, + Pav, (23 ) 


and by differentiation of the Hugeniot expression, liq. (12), 
H - By = 2 (P, + Po) (Vy - Vo), (2h) 


‘ 


holding eas Vey constant, one gets 


dE, = - 3 (P, + Pav, + 2 (V, - Vp)APp, (25) 
so that 
(aS, | [ ar,’ ) 
a, = 4 (V, - Vo) ¢ = - 1(Py - Po)/(Vq - v2)| (25) 
\av., = l dV | 
Sel tal SEs j 


the subscript H denoting the derivative along the H curve. Now suppose 
that at some point along the H curve the adiabatic expansion curve (P-V curve 
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with S constant) passing through the point has the same slope as the H curve. 
Then dS, = 0 there and, from Eq. (26) 


aP5\ /aP, Pee : 
( E : eS ata ot (27) 
Ss 


Pis the angle made by the line AZ and the negative V axis. Therefore, at 
this point, (J of Fig. 5-1), AZ is tangent to the H curve and the velocity 
of detonation is given by 


D= Vy (Py - P/V - Vy) = Vy yf (AP,/aVQ)q 


= (Vp )eo- 
From Eq. (7), Cal ‘4 = UAE = D/(D-U,) 
whence 
D= Uo + Co 


as Stated above, Furthermore, the entropy Sp is an extremal (since dSo = 0). 
Actually S5 is a minimm at this point, since by solving Eq. (26) for dS,/dVp 
and differentiating with respect to Vo at the point J one gets 


a2s | Vive fae 
a ee (29) 
aVo /H aT aVo~ /H 
as ‘as 
But 2 Slay we(a dP (30) 
/V 
so that 0 -(=) + (2) = 
aV/p aP/y \aV/g i (31) 
and ss) _(38) , fas _ 
qV/y- LAV Jp PWy \AV/y (32) 
Therefore, 
; fd \ 
ce ete = (eG N00 ae i= (3 33 
i ; ae (S)., =) TT AGYy ia KO ee) 


from which one finds that 
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mil 2 2. 2 ° 
: Nae _(&e) _ (ae fes\ far i 
(a Se | av i ue - ) (3) (G2) ) ae 


at the point J, since there the subscripts S and H are interchangeable for 
the outer differentiation. Combination of this result with Eq. (29) shows 
that 


il 


ot oe sae / =) es 2 = far \ | 
f fe (35) 
2 av 
WoJu eto (Se) P 


In general (am P/avo" )s >O (i.e., adiabatic expansion aS nate positive 
curvature) and for compression waves Vy > Vp, 80 that (a 2s avy” dy + 0, show- 
ing that Sp is a minimum at J. 


(26) shows that 


(=) UP Pa) iets (2) 
a5 My V, = V5 V1 - Vp \ Vo/H (36) 
Combination of this with Eq. (33) shows that 

i ge Po - Py =) (2) , 2 

lav/g “1 -%) ~ “lai, | * =e f. (57) 


For points above J (e.g. Z) (aS/aV) 5 is negative from Eq. (29) so that for 
those points 


rh 

fap Po - P 

Many | > Vp [=> (58) 
S Viating Ve 


or ¢ > D - Up, where U, is the mass velocity of the burnt cas. 


Now consider the entrooy at points Z and Y of Fig. 5-1. Becker? 
points out that an ordinary shock wave with initial P and T those 
at Y and final P and T those at Z would have the same velocity as the 
detonation wave with Pp and Vo at either Z or Y, In the shock wave the 
entropy is higher behind the wave than in front of it so that S is higher 
at Z than at Y, as previously asserted. 


There have been other arguments advanced for the particular choice of 
detonation velocity on the H curve, for example those of Scorah.’” However, 


the whole question of the theoretical justification of Chapman's condition 
does not seem to be in a very satisfactory state, although there appears to 
be little doubt of its correctness. 
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(eay 


Sec, 
6. Gaseous Explosions 


Ixplosions of gaseous mixtures such as hydrogen and oxygen provide the 
best experimental test of the validity of the theory. This is true because 
the pressures attained in these explosions are sufficiently moderate so that 
we can use the perfect gas law and the available knowledge of gaseous 
equilibria, Furthermore, results with these mixtures throw considerable 
light on the question of whether equilibrium is really established in the 
detonation process, 


a. Equations. Since the equations used for ideal gases will later 
prove useful as a first step in the treatment of solid explosives, they will 
be fully developed here. Consider first the Chapman-Jouget condition 
(see Eq. (28)). 


D=V, /- ee ) (39) 
\ aVp 78 


For ideal gases, the adiabatic expansion law (S constant) is 
ei 
es ee = const., (40)* 
(the subscript i will denote the ideal gas state). Therefore, 


Fé 
Dy = (V,/Vp;) \/ ¥eiPaVas = (V4No;) \/%2 Yo3RTo; /M, (hu) 


in which np is the number of moles of gas per M grams of burnt gases. 


Furthermore, Uy can be eliminated from the equations for mass and momentum 
(Eq. (7) and (B)), giving the general result (if U; = 0): 


Py MeN DAC Tae ee Oe es (42) 


In the cases of interest P, can be neglected compared with Po. Then 
substitution of iq. (41) for D yields 


Voi 
Va - Voi doi (43 )# 


This expression my be used to reduce the Huzoniot equation (Hq. (12)) toa 
useful form, by elimination of Vj - Vo. The result is 


fe) = Bye Pang Dag nyRT;/ I5M (Udy) 


For a perfect gas, 
*iquations valid for ideal gases only will be marked with the symbol *, 


tThis is only a fair approximation for ordinary gas explosions ou 
is very good for solids. 
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where Q is the heat of reaction at constant_volume (heat absorbed) per M 
grams at the initial temperature T,, while C; is the mean heat capacity at 


constant volume of M grams of the burnt gases from T, to Tj. It should be 
noted that Q and C, are to be computed on the basis of the final composi- 


tion at T, not the composition at T 


(Bali iby 


Eq. (44) and (45) can be combined into an equation for determining Toy: 
2 Mp RTpi/Yoy = V+ Cy (Toy - 1). (46 )* 


If the reaction went quantitatively so that shifts of the equilibrium with 
temperature and pressure did not enter, this equation could be solved for 


Toy, @iven the dependence of G and ¥ on To;- However, in practice mp and Q 


depend indirectly on T,. because the equilibrium composition of the products 
depends on T,.. This complicates the calculations considerably but does not 
alter the principles involved. Having found T5;, one can compute D; from the 


following combination of Eq. (41) and (43): 


Dy = (Sait VD) Was RT; / ¥p3M ea)s 


b. Comparison with experiment. These methods have been applied to 
mixtures of hydrogen and oxygen by Lewis and Friauf1*, These authors chose 


for their calculations the best values available at that time for the heat 
capacities of the several substances involved. They are mostly four-constant 
empirical equations which could be somewhat improved with the modern data 
available. The resultant numerical changes in the results would be very 
Slight however. The data on the equilibria 2H, + Op 212 H50 and Th, = Ziel 
seem also to be reliable, but the equilibrium H,0 + 4 Op = 20H, which becomes 
important in mixtures rich in oxygen, cannot be calculated even at present 
with high precision because of the uncertainty in the heat of this reaction. 
The equilibrium 05 = 20 was not allowed for by the authors and they did not 


take into account the excess heat capacity of oxygen molecules due to 
electronic excitation. Both these omissions are not important. All in all 
it appears that similar calculations undertaken today with the aid of the 
most modern thermal data available would give results differing from those 
of Lewis and Friauf only insignificantly. 


The following Table 6-1. gives a comparison of the theory with the 
observations of Dixon and others on gases at atmospheric pressure and room 


temperature, confined in tubes of more than 20 mm, diameter. 


Sec. 6 


Composition of 
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Table 6-1. 


Calculated Detonation Velocity 


Quantitative Equilibria Measured Deviation 
reaction allowed for 4, 
3275 meters/sec. 2806 2019 -0.4 
2712 2378 207 -1.2 
2194 20535 2055 =ilie 
1927 1850 1822 +1.1 
2630 2302 2519 -0.7 
2092 1925 1922 +0.2 
1825 BD: 1700 +2.0 
3650 3354 3273 +2.5 
3769 3627 Dei +2,8 
3602 3749 3532 +6.1 


The following Table 6-2. shows a comparison of the theory with 
experiments of Lewis and Friauf on stoichiometric mixtures of hydrogen and 
oxygen with additions of helium and argon. As the authors state, their 
measurements were not very accurate and in the case of the stoichiometric 
mixture they obtained a detonation velocity lower than that found by Dixon, 
This may be due to a rather narrow tube (19 mm.) used in their experiments. 


Composition of 
the mixture 


(2Hy + 05) 


+ 
+ 


ie) He 


3 


He 


+ 5 He 


+ 


+ 
+ 


Ta ble 6-2 . 


Calculated Detonation Velocity 


Quantitative Equilibria Measured Deviation 
reaction allowed for %5 
Se 3200 3010 +6.2 
3990 3432 31350 +9.6 
4.083 3613 3160 414.5 
2500 2117 1950 +8.4 
2212 1907 1800 +6.1 


1992 1762 1700 $3.9 
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The results of these calculations must be considered as an unqualified 
success for the theory. With one exception the differences between cal- 
culated and observed values in the first table are all within the experi- 
mental errors of velocity measurements. This is very impressive when it is 
considered that the results of calculation could have been easily of an 
entirely wrong order of magnitude. The second table is less satisfactory 
but it may partially be explained by a systematic constant error of velocity 
determinations, Another exvlanation of the discrepancies, advanced by the 
authors, is that in detonation waves traveling at particularly high speed 
and in which the temperature is relatively low because of additions of 
foreign gases, the explosive reaction is too slow and the equilibrium is 
not fully established. However this may be, the results prove rather con- 
clusively that one should calculate detonation velocities under the assump- 
tion that the various equilibria involved in the reaction mixture had time 
to be established. Such calculations should give the upper limit for the 
velocity of detonation, which agrees closely with experiments unless the 
conditions of detonation are exceptionally unfavorable. 


It has been shown that when heat conductance and viscosity of gases 

are included in the calculation, the length of the shock wave front is cal- 
culated to be less than 107? cm, The detonation passes this layer in less than 
10710 seconds and it is of course entirely impossible that the complex re- 
actions occurring in a hydrogen oxygen mixture can reach equilibrium within 
Such a short time, The calculations of Lewis and Friauf show thorefore that 
the hydrodynamic detonation theory correctly describes the observations even 
though detonation is not a near discontinuity in the medium but rather is a 
gradual wave of many times the length calculated from heat conductance and 


viscosity data. For the propagation of the wave not the shape of its front 
but the state of the medium at the crest--ahead of the rarefaction wave-- 
must _be of decisive importance. 


7. Solid Explosives 


If Py is ignored with respect to Po, the only properties of the unburnt 


material entering the basic equations are the enersy and density. The 
hydrodynamic theory has therefore been applied to solid as well as to gaseous 
explosives, There is, however, a serious difficulty. The greater density 
leads to much higher préssures in the solid case and our knowledge of the 
equation of state and equilibrium constants of substances under these condi- 
tions of temperature and pressure is rather scanty, Nevertheless, it is 
possible to obtain very useful results. The first step is to discuss the 
question of the composition of the burnt gases, 


a. Free atoms, Dissociation into atoms and free radicals is for- 
tunately not of importance because of the high pressures in detonation waves 
of solid explosives at ordinary densities of loading. Consider for example 
the dissociation Hp = 2H, At 5000°K (rather hich for most explosives) the 


dissociation constant has been calculated statistically to be 44.7 Atm. The 
concentration of free hydrosen does not exceed 10) by volume with most 
explosives and if the total pressure is 10” Atm. it is readily found that 2% 
of hydrogen is dissociated into atoms. This means an absorption of heat 


roughly equal to 3 Keal per Kg of explosive, whose total heat of explosion 
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is normally of the order of 1000 Keal/Kg. Thus Tz is lowered by the 


inclusion of this dissociation to the extent of 0.3% but at the same time 
the mole number is increased and hence the pressure is creater. This ef- 
fect is of the order of 0.10% and hence the total effect on the detonation 
rate is (because of the square root relation) (3)(0.3-0.10)% = 0.10%. 
Similar calculetions show that the water dissociations: 2,0 = Hp + 20H and 


2llb0 = On + 2H are of small importance. Dissociations of oxygen and 
nitrogen are still more insignificant. 


b. Polyatomic molecules. Various polyatomic molecules have been 


reported in the gas samples withdrawn from bombs after detonation. Thus 


Schmidt reports CH, , CoH, HCN, CoNos NE, in variable but small amounts 


from almost all explosives. To allow for equilibrium formation of all these 
molecules seems mathematically an almost impossible task, particularly when 
it is considered that the thermodynamic functions of most of these moleculss 
are not too accurately known at the high temperatures in question. Ap- 
proximate calculations using ideal gas laws made on some of those which are 
found in greatest amounts indicate that the observed concentrations are in 
excess of equilibrium existing under the conditions of the detonation wave. 
In all probability these molecules are formed during the cooling process 
after detonation. But even when it is supposed that the analytical data 
represent the true conditions in the detonation wave, the formation of all 
these complex molecules does not alter greatly the results of calculation. 


Taking as an example the particularly unfavorable case of TNT for which 
the oxygen deficiency is large and the complex products particularly 
abundant according to Schmidt 2°one finds that in the formation of ali complex 
products reported by Schmidt a total of 8,7 Kcal of heat is absorbed per 
Kg. of TNT, while the total heat evolution is 375 Keal. At the same time 
the mole number of gaseous products is reduced feds 32.0 to 30.7 and there- 
fore the total effect on the detonation rate is approximately represented 
by the factor: [(30,7/526)(375/366.3)](4/2) = 0.965. The neglect of the 
complex products thus overestimates the rate by BIA; but it is believed 
that in general the corresponding error is smaller. 


c. Free hydrogen and carbon. The formation of free hydrogen in the 


detonation wave in the absence of solid carbon can be neglected because 
the equilibrium constant of the reaction H5O + CO = C05 + Hp ranges from 0,2 


at 3000° to 0.07 at 5000%K, Thus the greater part of the hydrogen is present 
as water and the formation of a few moles of free hydrogen per Kg of 
explosive is of little effect on the detonation rate. This follows because 
there is no mole number change in the reaction and the heat evolution is 

only 4.5 Keal. per mole at 3000° and is less at 5000°, The neglect of 
hydrogen in the absence of 8o0lid carbon causes therefore an underestimation 
of the rate by a few percent at most. 


In the presence of free carbon, on the other hand, the formation of 
free hydrogen will proceed almost quantitatively. The equilibrium constant 
of the reaction C + 150 = CO + Ey is about 10? Atm. at 3000°K and my be 


estimated as 5 x 10° Atm, at 5000°. Since the pressure (or fugacity, to 
be more correct) of oarbon monoxide in the detonation wave seldom rises 
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to 10° Atm., the ratio Pyp/Py>0 is greater than unity so long as carbon is 


present. The assumption that the reaction goes completely to the right 

means an overestimation of the detonation rate because the heat absorption 

is overcompensated by an increased mole number of gaseous products. The 
following examples in Table 7-1 demonstrate the masnitude of the effect 

on D of the extreme assumptions concerning this equilibrium. It is seen 

that ideal rates calculated with no carbon and those calculated with no 
hydrogen differ only by 3% or less. In actudlity the first case is approached 
closely almost always and hence the error resulting from thse extreme assump- 
tion must be smll. 


Table 7-1. Effect of equilibria on ideal detonation rates.* 


Compound Decomposition equation TK D; m/sec. 
Picric 6 CO+ H0+ 3H, + 12N 3u0 2140 
Acid 2 = 
BeiCO'+ 15° H.0 45404 13 Np 3615 2120 
TNT 6 CO+ 23 In + C+ 13 Np 2830 2070 
33 CO+ 241504 55 C+ 13 Ny 3650 2005 
Tetryl 7 CO+ HO + 13 H, + 23 N, 3950 2360 
5zCO+ 23 H0+15C+ 2ENy Hobs 2290 


d. Summary. Summing up the results of this discussion it is found 
that the effects of chemical equilibria in the detonation wave are divers. 
and aitogether may effect a decrease of the rate with increasing pressure (or 
density of loading) amounting to perhaps 10 or at the very most 15%. This 
conclusion is interesting from the theoretical point of view since it 
indicates that the study of detonation rates for solids does not provide 
crucial evidence as to whether chemical equilibria are establishad in the 
wave or not. For the detonation to comply with the present theory it is 
only necessary to postulate that the reaction is "complete" in the sense 
that the oxygen combines with all the carbon to form CO, the excess oxygen 
combines with hydrogen to form water and if any is still left over, it 
combines with CO to form COp. 


8, The Equation of State 


If the ideal gas law is used, the calculated detonation velocity does 
not depend on the density of loading, as is seen from mM. (47). This is found 


* Calculated usin;; ideal gas law. 
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to be true experimentally for gaseous explosions but it is not true for 
solids. Instead D increases sharply with increasing loading density, 
sometimes up to four times the ideal value. This rise is to be explained 
by doviations of the extremely dense burnt gases from the ideal state. 


In Part II of our preliminary report °we described the very successful 
calculations of D for solid explosives, made: by Dr. R. S. Halford in 
cooperation with us. There the equation of state 


PVM = np RT (1+ xe"), (48) 


x K/e/3yy (49) 


was used. M is the molecular weight of the original explosive, and K a 
constant characteristic of the composition of the burnt gases. More recently 
these calculations have been improved by Dr. D. P. MacDougall and Dr. L. 
Epstein of the High Explosives Research Laboratory of the Bureau of Mines, 

so that the results of Part II, though satisfactory, should now be con- 
Sidered obsolete, In the new calculations fewer approximations have been 
employed and a more general equation of state triod, namely: 


PVM = n, RT (1+ xe ae (50) 


jem 


with re ce / TM ee (51) 


Various values of & and 6 have been tried but very satisfactory results 
have been obtained with 


€) = 0.5 ae Gn25. 


The results with other values of & and a and the comparison of this equation 
of state with Brid-man'’s exverimental measurements on the volumes cf gases 
at high pressures will not be discussed here as they will be fully treated 
in Dr. MacDougall's report. Instead, the above equation will be assumed 

and applied to the calculation of detonation velocities. 


. Practical Calculation of the Ideal Detonation Velocity 


a. Definition of ideal state. As a practical matter it is convenient 
to carry out the calculation of the detonation velocity of a solid explosive 
in two steps. The first is the calculation of a purely hypothetical D,, for 


which the following properties are chosen: 


(1) All product gases are ideal and the volume occupied by solid or liquid 
products may be neglected, 

(2) All dissociations into free radicals and atoms are non-existant. 

(3) Only solid carbon, CO, COs, pO, Hb,05,Np (and HCl, Cly, gaseous 


Sulfur, SOs, metals or metallic oxides, insofar as the corresponding 
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elements are present in the explosive) are formed, 
(4) Oxygen reacts quantitatively with carbon to form CO, the excess 
forms quantitatively H50 and what is left over reacts to form C05. 


The question of whether a real pressure and temperature range exists 
in which al}. these assumptions hold is entirely immaterial for the follow- 
ing, because D; and other "ideal" quantities resulting from these calcula- 


tions are merely convenient steps to reach the real detonation velocity D. 


The second step is the calculation of D/D,;. In this step any 


inadequacy of the conditions defining the ideal state must be corrected. 
The discussion in Sec. 7 shows that the ideal state should agree quite well 
with the real condition of the burnt gases except for the use of ideal gas 
behavior. 


b. Decomposition equations. The detailed procedure for the numerical 
calculation of D; will now be given. This is particularly simple for a 


special class of compounds with general formula 
C,H,O,N, such that a¢s¢2q + r/2. 


This class includes most of the common organic explosives, except TNT and 
nitroglycerin. Then the application of the general rules shows that such 
compounds will decompose according to one of the following equations. 


Cage A, a+ r/2 Ss. My = = (24+ r+ t). 
Cgl.Cgily = aCO + (q-str/2)iy + (s-q)Hp0 + t/2 Mo. (52) 
Case B, a+ r/2 6. » Np = 2 (2a+r+t). 


CgH.Ogl, = (s-q-r/2)COp + (2q-str/2) CC + 
(r/2)Hp0 + +/2 No. (53) 


For explosives not of this type the ceneral rules above must be applied 
in each case in order to determine the composition of the products. 


c. Heat capacity equations, In order to calculate the ideal temperature 
T,, it is necessary to lmow the mean heat capacity of the products as a func- 
tion of temperature. Tortunately the heat capacities of simple molecules can 
be calculated theoretically with considerable accuracy. The available 
information has been incorporated in empirical formulas of the type. 


= T 
rt ea os C,aT = AFBI, (OE) 
T-300 J, 
500 


in which A and B are numerical constants given in Table I of the Appendix. 
These equations are correct to about 1% for the temperature range 2000 to 
5000°. From these tabulated constants for the individual gases, constants 
A and B for the mixture can be obtained as explained in Table I. 
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d. Calculation of the ideal temperature. If the empirical formula 
given above is substituted for Cx in Eq. CG) and this equation is solved 


for Toy, the result is 4 
-Q + AT 
il 


Tei = -(apR/2¥ 53) + AFB (Toy-T}) (55)* 


Here the subscript i denotes the ideal state. In the above equation To4 


occurs on the right so that the equation is properly a quadratic equation 
but it is easier to solve it by successive approximations. A trial value of 
Toy (say 4000°) is inserted in the denominator and the right hand side 


evaluated, The value of To; thus obtained is substituted in the denominator 
in place of the original trial value and a new value of T,; obtained. Usually 
two trials are sufficient. 


Strictly speaking, Jo; will vary with Tp and also with the composition. 
In practice, however, XY oyhas a range of only 10% for the substances con- 
sidered in this report. Furthermore the term noR/2 Soi has a value only about 
10% of the total denominator. Therefore, less than 0.5% error in To; will 
be introduced if the constant mean value of 0.80 is used for R/2 Soi in 
Iq. (55). 


The heat of reaction Q can be obtained from the heat of formation Hf, 


of the explosive, since 


-Q@=HP,- <n, Hf, (56) 


2 , 


where Hf, denotes the heat of formation of the th product species (per 
mole) and ny, the number of moles of that species. The heats of combustion 


of most explosives are known so that the heats of formation are available. 


e. Calculation of Dj. Eq. (47) can now be used to calculate the ideal 
detonation velocity D;. The heat capacity ratio Yoy could be determined 


directly from the Imown heat capacities of the products and the temperature, 
but this is rather tedious so an approximation has been adopted which 
yields values of D; about 2% low. This error is larzely removed by the 


method in which d/D; is determined. The approximation consists in calculating 
Y using the mean value C instead of the heat capacity at Toy. A very con- 


venient equation is 


nee 


~~ 
Oo, > 14+ ay Blo, 


(57) 


3 


A and B having been obtained already for use in Eq. (55). 


With the values of To; from Eq. (55) and Bn; as given above, D; is 
easily computed from Eq. (47), repeated below: 
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a Yor +1) \f noRta;/ Yay M 


f. Formulation for cases A and B. For the special classes of compounds 
(A and B) mentioned in Sec. 9b, the heat capacity coefficients and the heats 
of formation of the products can be introduced numerically into the above 
equations, yielding the following formulas. 


ae os Hf, - 30,5000+917r+59, 0558+957+ (58) 


Tai = (1.86042. 05r+2.959+2.37t) + (-0,0lg+0.15r+0.258+0.11t).10-> 7, 
q+r/2<s 
Hig - 40, 72q-b, 2184-69, 2h98+957¢ (59) 


To4 = (0,26a61.06r¢ 4.55842.57t) + (0. 0lg+0. 15r+0.258+0.11t).10 Toy 


For both cases the equivalent of Eq. (47) becomes: 


Yort 1 /t/e+rfe+a 


St 
PL = Tye, | Gearericenme 89? Yeite1.10?) 10 Bleesibain She) 
ei 


10. Calculation of D/D, 


a. General Equations. In order to calculate D when the burnt gases 
are imperfect, the analysis of Sec. 6 must be repeated in some general form, 
From pure thermodynamics we obtain the relation 


/ 
=) a co Gay Gat & Bae ¥( ay Kee 
From the equation of state 
PV = nRT (1+ xeP*) / (62) 
with x = K/wT™ , 


one obtains the result 


aP 
a =e (6) 
where F = l+xe Gx , (64) 


and y = Were PX 4 @x2eP* ~ mx(ar/ax). (65) 
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Substitution of these into the basic equation for D, Eq. (39), yields the 
expression 


DeVy y® YovoNaFo = (vyMe) \/ FoncRtare Mt (66) 
This equation can be substituted into Eq. (42) for Pp to obtain 
Po = Py Voya(Vy-Vp) / VoF 
or 


where the subscripts 1 and 2 indicate the initial and final states, 
respectively, This equation is very useful in connecting Xp and Xj. 


b. Ratio D/D;. Division of Eq. (66) for D by Eq. (47) for Dy gives 


/ 


Ae Orett  / i2. Te. oy, (68) 
Le ieee pea Fetoiwes 


It should be noted that Vo, To and Xo differ in the ideal and real final 
states. It is found that tables of D/Dy can be constructed so that it is 


not necessary to carry out a detailed calculation for each explosive and 
density. 


c. Calculation of v2/ Daa: From thermodynamics one obtains the fol- 


lowing equation for the actual heat capacity in terms of the ideal heat 
capacity Cy; (per M grams). 


Vie a 
C=C, + Mr J (a P/at’ ),av. (69) 


‘i oy (2) A), . (70) 


When the equation of state (62) is inserted in these expressions, the result 
is 


Also 


of 
il 


Cy = Cy; + nO (z-1)R, (71) 
and 


Y= 14 mz /o,y) , (72) 


in which 
z=F -ax (dF/dx) Sse ean @ x°. © * 5 (73) 
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From these equations, Yo/ ¥o4 can be computed as a function of x5, and 
therefore as a function of x, (essentially the density of loading) through 


iq. (67), provided that Cy; is given. Fortunately the final ratio D/D; is 
not very sensitive to C4 /n so that tables for three different values of 


Cyi/n are adequate for all the explosives considered. 


d. Calculation of To/To3. For imperfect gases the analogue of Eq. 


(45) is 


M(Ep-E,) = Q+ Cy (Tp-T,) + M ie (az/av)p, av, (7h) 


which expresses the application of the first law of thermodynamics. The 
reaction is first carried out to the final temperature at a large volume, 
Such that the product gases are ideal, and these gases are then compressed 
to their final volume with a resultant energy term because of the gas im- 
perfection. 


Using the eaquation of state (62) and standard thermodynamics, one ob- 
tains 


aE ap nRT og x AF 
ane = pe oes oe 
a) sap P = we a (75) 


so that 


Vg 
M i (aB/aT av =+n aah ® (aR /ax Jax 


= NpRTr & Xe Ree = NoRTo Of (Fp-1). (76) 
Eq. (67) can be rearranged to read . 

(V1-V5) = FoVo/¥o Vo, (77) 
with which the Hugoniot equation (12) becomes 

By-Ey=3PoFoVa/¥o Yo = 3noRToFo“/yo BoM (78) 
Therefore, from iq. (74), (75) and (73) 

Q04 (Tp-Ty engRTy OC (Fy-1) = InRIDPD”/yp Wp. (79) 
Rearrangement of this yields 

To [ Gsenak OL (Fp-1) - 3(noRPy /yo 3 2) | = -4C,T), (80) 
compared with 


T4 [8 -E(naa/ Bai) = -eCiTy (81) 
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for the ideal case (see Eq. (46)). Equating these expressions, one obtains 


Tt C4 ~(npR/2 Boi) 
Ta; O,#nR OL (F-1) - (n,RF 5" /2y,, ue) (82) 


Strictly speaking the value of C, in the denominator should be evaluated 


at Toy and that in the numerator at To, put these values differ so little 
that the value at To;can be used for both. 


e. Tables of D/Dy. The above results have been incorporated in 


Bq. (68) for D/D; and tables computed of D/D, vs x1, (x, is proportional to 
the density of loading) for three values of C;/no. The results are suf- 
ficiently insensitive to C;/np so that these three tables are sufficient, 
These tables also give Hy Le They are included in the appendix, as 


calculated by Dr. D. P. MacDougall and Dr. L. Epstein, In order to compute 
D for a given explosive, the procedure is therefore to calculate D; first, 


then to get D/D; for the given density of loading from the appropriate 


table. In ordér to do this, however, it is necessary to know the value of 
K, the "covolume constant", which enters the equation of state. The evalua- 
tion of K will be discussed in the next section, 


ll. _ Determination of Covolumes and Comparison with Experiment. 


a. Method of evaluating K. It is difficult to obtain sufficiently 
accurate values of the "covolume constant" K from direct experiments on 
gases because the equation of state used does not apply very well at easily 
attainable temperatures, where attractive forces play an important part. 
From a practical viewpoint, it is better to use the available data on 
experimental detonation velocities and work backwards to obtain a rule for 
evaluating the constant K. This rule can then be used to compute K and then 
D for a new substance. 


b. Effect of density of loading. As a first test of the theory, the 


values of K which bring the calculated and observed values of D into agree- 
ment, were computed for a large number of different densities of loading of 
PETN by Dr. MacDougall and Dr. L. Epstein of the Bureau of Mines. The ex- 
perimental measurements of three observers were included. If the basic 
theory, the form of the equation of state, the various approximations made, 

‘ and the experimental measurements were all satisfactory, the K's so obtained 
should be the same. Table 11-1 shows how nearly this ideal result is 
achieved.* The worst deviation of any value of K from the average is iis 
and the great majority of the deviations are less than 3%, The experimental 
error is at least that Great, as judged by the disagreements between the dif- 
ferent investigators. Similar constancy of K is found in other cases also. 
This gives us considerable confidence in the method. 


c. Different explosives. Next K was calculated for a number of dif- 
ferent explosives. Its value should depend on the composition of the burnt 


Ty 
* Actually K/to" is plotted but 71 varies only slightly over the range 


of densities used. 
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Table i1-1. Covolume Constant vs. Density of Loading for PRIN. 


C5 D/D; x? fuer K/2,¢/" Dev.) Observer 
»50 1.655 7h 6S +2.0 Friedrich 
65 1,340 95 462 +e , 
30 2.050 en 452 ade r 
1.00 2.300 1.425 450 -2.0 wu 
1.20 2.554 E77 466 41.5 i 
1.40 2.97 2.09 472 42,0 u 
1.60 DcoiOD, 2.385 471 +2.6 7 
“79 2.015 i613} 476 43.7 Roth 
91 2.218 LAS, 467 +1.7 iu 
1.04 2.397 Ibe} 465 +1.3 * 
1.45 3.085 2.19 477 +39 ‘ 
1.72 3.369 2 dy YG -2,4 n 
50 1.664 515) kh +3 3 Cairns 
Soul 1,622 705 457 -1 8 : 
5p) 1.664 ONS yh -2.6 " 
70 1.035 gh5 4ov -7.0 x 
.80 1.995 iL all 439 -4y he 0 
81 2.020 a5 5 Ay -3..5 : 
91 2,220 ie) 469 22 u 
92 2.238 1.365 469 42.2 e 
1.00 exail 1.44 455 - 9 y 
LG ORDDS5 WGTS ho -2,2 - 


Table 11-2, Covolume Constants for Various Explosives. 


Substance Ty /rpt!* Kobs Kealc. % dev. 
PETN 4930 459 3246 3879 +0.9 
Cyclonite 4650 319 2655 2622 =D 
Tetryl 3950 418 3313 3330 + .5 
Picric Acié 3440 345 26638 25643 me 
DiPLTN 4.6350 675 5569 5350 +5.2 
Nitroglycerin 5230 pyin 2930 2805 -l. 3 
Nitropentanone 3350 597 yohy 4553 + .3 
Nitropentanol 5970 627 4978 5115 42.5 
Nitrohexanone 2880 S71(G48) = '915(4-749) 4-756 - .2(-3.6) 
Nitrohexanol 3515 739 569) 5298 -6.9 
TNB 5550 29k 2272 2451 +729 
Nitroglycol 5300 233 1989 1896 -..6 


31%PETN etc. 4050 = 7517 12107 12523 +34 
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gases. The assumption was then tried that K is an additive function of K's 
characteristic of the different product molecules. The principal product 
species are No, CO, 05, COs, WhO, Hp and solid carbon. It was found that 
values of Ky. could be assigned to these substances so that very satisfactory 
agreement is obtained between the values of K obtained from the measured 
velocities and those computed from the additive rule: 


a 2 ae (3) 


Table 11-2 shows the nature of this agreement, while Table II of the 
Appendix gives the values of K, used. This success is quite pleasing since 


it gives us confidence that this method can be used to predict detonation 
velocities for other substances made of similar components. 


ad. Calculation of pressure, etc. Furthermore, this success gives us 
faith in the calculations of pressure, temperature, density and mss velocity 
in the explosion which can be made using the theory. The necessary auxiliary 


quantities K, x5, D etc., can be calculated theoretically from a knowledge of 


the composition as shown above, or if D has been measured for the given 
density, the following scheme may be used. First calculate Dy (see Sec. 


(9)). Then from D/D; work backwards in Table ILI (Appendix) to xo, Tp/To4 
and x,;. Then, from the definition of x , 


(iri 7) ea (84) 
The pressure can be obtained from either the equation of state 

Py = noRTnx(l4xe @*)/(xr” ™ ), (85) 
or from Iq. (42) 

Sep etna eerie (a) (850) 


which should give the same value (units are dynes/sq.cm if c,g,8, units are 
used for D, Py). 


he mass-velocity of the burnt gases is given by 


Up = D(1-x, /xz) (86) 


which comes from the law of conservation of mass, Iq. COs with U,=0. Values 
of Po, Up, and Tp for some important explosives are given in Table V of the 
Appendix. 

e. Limitations. It should be stated here that this method does not 
work too well when solids or liquids are present in the hot decomposition 
products. This means that the results are somewhat in error for TNT and TNB, 


for example. This defect can doubtless be eliminated and efforts are being 
made to do so, 
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f. Acknowledgement. We should like to repeat at this point that 
the method described above is based on that given in Part II of our pre- 
liminary report, which was developed to a considerable extent by Dr. R. S. 
Halford. The numerical results, tables, etc., are, however, taken froma 
report by Dr. Duncan MacDougall and Dr. L. Epstein of the U. S. Bureau of 
Mines, which uses the modified equation of state. This report, (which 
will be available through the N.D.R.C.) should be consulted for further 
details. 


PART III. PROPERTIES OF SHOCK AND RARERACTION WAVES 


We now return to motions which involve no release of chemical enerzy. 
These motions can be divided into two categories; shock waves and rare- 
faction waves. It is particularly important to be able to compute the 
properties of the shock wave initiated in the surrounding medium by an 
explosion, since this shock wave is one of the factors causing damage. It 
is necessary, however, to understand rarefaction waves before the other 
problem can be treated. In what follows only the one-dimensional case 
will be considered, but it is hoped to report on the three-dimensional 
case later, 


12. Integration of the Inergy Equation 


So long as no discontinuities occur, it will be shown that the 
pressure of a given material point is a definite function of the density 
alone. This function may, however, be different for different material 
points but should not change with time (if one follows the material point 
in its motion) unless a discontinuity occurs. In general the function will 
change from one definite form to another on the passage of a discontinuity. 
If a given material point has a given Pe ) at time t, and another material 


point has the same P( ? ) at any time tp then evidently the two will always 
have the same P( Go), barring discontinuities. 


The proof involves the combination of the equation of state with the 


energy equation (6). From the equation of state and the heat capacity, 
etc., one can obtain E = E(P, C ). Then 


HE). Oke id Oma hin Puls ae (37) 


a gl = 4 CE = av 
at Omid ae at C2 at : 
an equation connecting aP/dt with 4 (C fat and known functions of P and C. 


oP (20) 
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If the initial values of P and C are given, the solution of this equation 
satisfying these initial conditions is the desired function P = (7? ye 


For an ideal gas this procedure Gives the adiabatic law 
P Rie = k, a constant, (89) 


where 0 = c,/c,,. It should be noted that for a given mterial point, i.e. 


for a given point moving with the gas, k will remain a constant only while 
no discontinuity occurs. It will change on the passage of a shock wave. 
Furthermore, in the general case k may be different for different material. 
points. 


13. Riemann's Form of the Fundamental Equations 


Whenever there is a portion of the x-t plane in which no discontinuities 
occur and in which all the material is on the same adiabatic, it is possible 
to transform the fundamental differential equations of Sec, 2 to another 
form of considerable value which is due to Riemann. Under the restrictions 
given, the argument of the last section shows that P is a definite function 
of fF alone, Thén also c, the velocity of sound, is a function of ? alone. 
Introduce a mathematical quantity 


POivenughip vend : 0 

(xe J a Cc ‘¢ /( ) (9 ) 
ai : 

where c = (aP/a ? )2 is the velocity of small amplitude sound waves under 

the given conditions, (3 is the initial density. Then 


220 _ 2 9? rape _1 dy (52) 
zx ( of CAP? xt oP. dx 2 7 
aire aw S cA . (92) 
c me. ops 
Since a4. = © +U 9_ , the equations of conservation of mass and 
dt, pt ox 
momentum, Iq. (3) and (4), can be expressed as 
OW ow 3 
Tree re U 
aot Se = Giatoes (93) 
ou au ow 
. +U EL bees c ae . (94) 
Addition and subtraction of these equations yields the new pair: 
P) a) 
os Sp QUIS Cp ee ) es 
{3 ( Nein PaO: (95) 
: : 
= 6) (96) 


ee + (U-c $}w-0 
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These signify that the quantity «+ U appears to be constant to an observer 
moving; along the tube with a velocity U+ c while the quantity w - U appears 
constant to an observer moving with the velocity U - c. (These velocities 
are not necessarily constant. ) 


When applicable these equations enable one to see the nature of the 
solution. Two kinds of lines can be drawn in the x-t plane: "r lines", 
dx/at =U +c, along which 


r=3 (@ + U) is constant, 
and "s lines", dx/dt = U - c, along which 
s=s (WJ - U) is constant. 
These lines nave certain useful properties: 
1. There is a line of each type through each point of the x, t plane. 
2. If the values of s and r on the lines passing through a given 
point are known, then U and4J are known there. From these ( and P can be 


found from Itg. (90). 


3. If lines of a given kind having different values of r (or s) come 
together at a point, there will be a discontinuity in Dae at that point. 


4, If in a given region s has the same value along adjacent s lines, 
the r lines are straight in that region. Tor r is constant along an r line 
(which will cross the 3 lines) and if s is also constant along the r lines, 
both U andé) , therefore U and c, therefore the slope of the r lines must 


be constant. 


5) 


5. Likewise if r has the same value along adjacent r lines in a given 
region, the gs lines will be straight in this region. 


6. Fora perfect gas, at least, the curvature of an r or an 8 line is 
positive if U increases along the line. 


Proof; (r case) curvature is determined by 

a (U+ c) = AU+ (dc/aw jaw. (97) 
But cememes alr» {) (Ce ine 

Gli — lie Glen 1m fe ot 


and cf = aP/aP 0 2c(ac/aP ) = a?P/A PF? , 


so dc/aW = (a°P/a 2) /2c2 , @ positive quantity. But along an r line 
6& + U is constant so dW = -dU. Therefore 


d(U +c) = [a- C (a®P/a 0 2)/2c? | qt) ise (93) 
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For a perfect cas P = k eC ‘ a“P/a ies 2 we, sein (3-2 ; 


eee AY, ape eo (99) 


y [2 2 C (a°P/a - 2) /ace | 


Presumably this result will still be true for imperfect gases. We do not 
kmow what the result will be for water. A similar result is obtained for s 
lines, 


7. Only in exceptional circumstances (U + c = velocity of piston) can 
S or r lines run parallel to the piston curves (in x, t plane). Ordinarily 
these lines will end on the piston curves. At these ends,U = U of piston, 


Therefore if s (or r) is known for a line, U,W ,(, c and P are determined 
by U of the piston at the point where the line ends or begins at a piston. 


14. Solution for Progressive Waves. 


In certain cases s = 3 (W - U) is constant over a region. The r lines 
are then straight as already mentioned. Furthermore the solutions of 
Riemann's equations are readily obtained for such a region. For if 

Se 4 (WJ = U) = const,, (100) 

then 6) = 28+ U =U + const., (101) 


so that Zq. (95) becomes 


U ou 
een WU el ee ‘ (102) 


The solution of this equation (Rayleich)is 


Do= f(x (eee (103 ) 
where f is an arbitrary function. The proof of this is 

ou ia dc, a 

eS tices dc U af 

re =| t(l+ ay) 52 a8 A 

ati e'/\1+ te" (1+ 92) (104 ) 

dx au * : 
where f is the derivative of f. Also 

ou [' dc ou] ' 

aes = 10) iG = fy } 

ae (U4 0) + (l+ ay) Se | : 

Luge (y+ c)e'/ [2 phere (ue $2) | (105) 

4 oer aU , 


from which Eq. (102) follows. 
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This solution implies that c is a function of U alone. That this is 
correct follows from the fact that P and therefore c is a function of ie 
only and that @ is a function of U through Iq. (90) and (101). However, c 
will be a different function of U for different (constant) values of 8. 


15. Simple Rarefaction Waves, 


Graphical method. One of the simplest applications is to the 
case er an infinite tube, closed at one end by a movable piston. Everything 
is initially at rest and. at time t = ty the piston begins to move backwards, 


thus initiating a rarefaction wave which travels down the tube to the right, 
away from the piston. Fig. 15-1 shows the path of the piston and the 8 and. r 
lines, 


{ / 
Cae } 
| Hai tik 

| \ 


Fig. 15-1 


t 


Since at t = 0 the fluid is assumed to be uniform and at rest, U and@= 0 
at t = 0( Conte taken as initial density). Therefore s and r = O in the 


4 


region I so that both sets of lines are straic ght. The s lines from region 
I cover the whole x - t plane, since the tube is infinitely long. There- 
fore 8 = O everywhere and the r lines are straight everywhere and are 
really contour lines for U. The value of U for any r line equals the 
value of U of the piston at the starting point of the line. The lines 


Starting before t = t, thus have U= 0. Between t, and tp the piston has 


a negative acceleration so the r lines slope less and less steeply and 
correspond to values of U decreasing from U = 0 to U = - w (-w is final 
velocity of piston, attained at t = to). Since r is changing from line to 


line in region II, the s lines are curved as shown (dU <0). In region ITI, 
U is again constant (=.w) so that both sets of lines are straight in this 
region, 


b. Analytical method. The analytic solution is obtained as follows, 
Let X and 7 represent x and t for the piston. Then the coordinates x, t of 
an r line of value U starting from the piston point X,7 are related by the 
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equation 
Kok + (tr=-7 jul wio)}e. (106) 


Let X = X(7 ), then U = axX/d7 = X'(7’) at time 7”. Also c is a mown 
function of U, therefore of ? . Consequently, Eq. (106) can be converted 
into an equation involving only x, 7 and t, or by solving U = ax/a7 = x 
(7) for 7 in terms of U, an equation involving only x, t and U can be ob- 
tained. Solution of this for U gives U as a function of x and t, and 
therefore also @, P and c as a function of x and t, the complete solution 
of the problem,’ Rayleich gives some explicit results when the acceleration 
of the piston is constant from t, to to. 


It will be noted that the front of the rarefaction wave propagates 
with the velocity of sound in the original medium, while the back propagates 
with the velocity of sound in the final rarefied medium plus the (negative ) 
mass velocity of the final medium. The rarefaction wave therefore broadens 
out as it passes down the tube, and no discontinuities are produced. 


16. Simple Shock Waves in Air and in Water. 


If the piston is instantaneously accelerated to its final velocity w, 
the problem is readily soluble, as was shown in Sec. 4a, where the fluid 
was assumed to be a perfect gas with constant heat capacity. 


a. Air, variable heat capacity. The heat capacity of air actually 
varies with temperature, Bethe@and Teller? have carefully investigated 
Shock waves in air, taking this into account. Their results are given 
below in Table 16-1. 


These investigators also studied very carefully the effect of the 
finite time required for translation, rotation, vibration and dissociation 
to come to equilibrium. These lags, especially that of dissociation, alter 
the shape of the pressure and temperature rise, In Table 16-1, there are 
two sets of entries. The first is calculated on the assumption that all 
degrees of freedom, including dissociation into free atoms, are in 
equilibrium. The second set is calculated on the assumption that there is 
no time for dissociation or vibration to change. Comparing the two cases, 
one sees that if equilibrium is established, the shock velocity D is less; 
the density higher, the temperature lower, and the pressure less than in 
the case when equilibrium is not completely established. Presumably the 
equilibrium values are the proper cones to use unless there is a rarefaction 
wave or some other phenomenon immediately behind the shock front. 


At the present time Table 16-1 is being extended to higher velocities. 


b. Shock waves in water. Shock waves in water differ greatly from 
those in air. If the pressure difference is the same, the shock velocity 
and the mass velocity are considerably less, and the temperature rise is 
enormously less. If the piston velocity (equals mass velocity) is the same 
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Table 16-1. Properties of Shock Waves in Air. 


(adapted from Bethe and Teller) 
a =344u./s. is velocity of sound at 1 atm., 300° K, 


Equilibrium Case Both No Dissociation or Vibration 
Up/a Ale, Baye i lp D/a i te ear (lf? Up /a 
0.725 1907. 2.543 400 1523 hoo }8=62.535 = 1.904 ees 
1.238 2.559 kh hae 500 1.984 SOL cuete> A sory deat 
1.640 Bee25 1 16.450 600 = 2.377 GOL Gene. " Soleo 7 sos0 
1,981 B.0Gs  S.547 700! (2. 7B5 709 3.49 83.591 1.966 
2.283 Lvons) 110.707 300 5.041 O1G wlOnGe 3.904 2.262 
EPs) 4.314 12,9h 900 Bool O25 MOT MAGNE Bay 
2,815 4.540 15.23 1000 Aosuat WOE IG) oul 4.346 2.780 
5399 5.069 21.12 1250 4 235 1320 20.72 Pa OG Bese 
Deo) Det oh 27.27 1500 4.797 1616) e26R6G 4ek5 = 3.82 
430 5.746 33.52 1750 5.507 1925 3207 5.090 4.26 
4811 5.978 39.85 2000 5.770 2202 35,8 5256) G7 
5.598 6.559 53.01 2500 6.645 eSh8 51.4 Soy 5) 5/al 
5.338 GuGoa) 1G 10> 3000 ise: 5510) GIS FpSEIL | Galen 
Tol] 7.122 “84.09. 3500 8.315 4300 80.5 5.615 6,854 
6.089 7.097 106.02 4000 9.297 5300 100.6 Syasil — WelGssi 
9.168 8.385 134.40 4500 10.410 6570 126.2 Daye  —tehocoul 
10.326 9.156 168.38 BOCO — 1.5905 8030 155.6 5.G0k 9.598 


Table 16-2. Properties of Plane Shock Waves in Water. 
(P) = 1 kg./om.e , T = 295° XK.) 


Us material velocity behind wave front (meters /sec. ) 


W 


D shock wave velocity 
Pp pressure behind wave front (ke. /em@ ) 


AT temperature increment through wave front. 
1S) 


Us Po AT D 
61 1000 20 1507 
as 2000 5 1710 
163 3000 8 BO. 
206 4.000 12 1901 
2h7 5000 16 1989 
20h 6000 20 2070 
320 7000 oh e1yh 
554 Sooo 26 2216 
413 10000 36 2345 
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in air and in water, then the shock velocity is considerably higher, the 
pressure difference very much higher and the temperature rise lower in the 
water case. 


In order to gét these results quantitatively, we first put the 


Rankine-Hugoniot equation (Eq. (12)) ina rather general form, From purely 
thermodynamical considerations, one obtains the result that 


Bp = By pe (2), ney oe ¥ a2) ‘ 
ae) = = - ome 
oe aP/To 


1g = 
-f,? ft) a , (107) 


The second intesral can be evaluated and the last one can be integrated by 
parts. If this is done and the result inserted in the Rankine-Hugoniot 
equation Ey - Ey = 2 (Py, + Po)(71-Vo), the result is 


1 
NIH 


(25 =} (va Vo) vias Cc. aT-T ee aP 
- fm 4 + Sans OMe 


P 
if * v(t) aP = 0. (108) 
1 


This equation should be quite general for any fluid to which the fundamental 
equations are applicable. In applying it to water, empirical data for V as 
a function. of P and T can be used. This data has been obtained by Bridgeman. 


Professor J. G Kirkwood? has devised a very effective method of 
solving this equation numerically for water using successive approximations, 
He inserts the value of Pj - Py, and an assumed value of Tg into a modified 


form of the equation and obtains a better value of TZ. From P, and T,, Vo 
comes from Bridgeman's results. Table 16-2 shows the values of Pp, Vo, Ip 
and D computed by Iirkwood, 


1j. Rarefaction Wave Following Shock Wave. 


Suppose that the piston is accelerated instantaneously to a constant 
velocity w, so that no difficulties arise over the initiation process, but 
that later the piston is gradually breught to rest, as shown in ig. 17-1. 
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red 


Then it will be shown that the rarefaction wave which is started by the de- 
celeration of the piston will overtake the shock wave and weaken it. The 
shock wave will therefore travel with constant velocity until overtaken by 
the front of the rarefaction wave, whereupon its velocity and intensity 

will be continuously reduced, presumably until an ordinary sound wave results, 
Therefore, even a plane shock wave in a medium with no viscosity or thermal 
conduction will die out unless it is continuously supported by a moving 
piston. This result may not be new, but we have not noticed it so far in 

the literature. The spherical case has not been treated but presumably 

would show a falling off greater than the inverse square. 


Two arguments support this conclusion for plane shock waves. The 
first is a thermodynamic one. The comvression of the medium which occurs 
when the shock front passes a given material point is an irreversible 
process---the material is shifted from one adiabatic to another in the 
process, Consequently energy is continually being degraded. But if the 
piston is ultimately brought to rest, only a finite amount of work is done 
by the piston on the column of materiai so that this work must ultimately 
be degraded to heat by the irreversible process. The shock wave cannot 
therefore continue indefinitely unaltered. 


The Second argument is more detailed, The rarefaction wave should 
behave exactly as the simple rarefaction discussed in Sec. 15 except that 
the velocity w is superimposed. Its front should thus propagate with a 
velocity w +c, where c is the velocity of sound in the compressed, heated 
gas back of the shock front. Tho shock wave itself travels with a slower 
Speed than this, This is shown for the perfect gas case by inspection of 
Table 4-1, in which (D/a) - (w/a)<1 or D-w<a. But cya decause 
of the higher temperature. For a more general proof reference may be made 
to Sec. 5, There it was shown that if the final state of the medium is 
above the point of tangency J on the Hugoniot curve, the velocity of detona- 
tion is less thanw+ c. But in the shock wave case the initial point A 
(Fig. 5-1) lies on the Hugoniot curve, rather than below it as in the detona- 
tion problem. Consequently the only point of tangency is A itself so 
that the final state for any shock wave must be above tlie point of tangency 
and therefore the velocity is less than w+ c and consequently less than 
that of the rarefaction wave. Duhem has also discussed this. 
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When the rarefaction catches up, reflection will presumably ensue. 
At this point the simple Riemann theory will no longer apply because when 
the shock wave amplitude is reduced the medium back of the reduced shock 
wave is not on the same adiabatic as the medium through which the un- 
diminished shock wave passed, 


Although it may be quite difficult to calculate the exact law of 
decay, it is clear that the shock wave must decay and that the way in which 
it will decay will depend on the time during which the piston is moving and 
the way in which the piston is decelerated. This problem is under con- 
Sideration, 


Incidentally, it is at least conceivable that more effect could be 
produced at a long distance by a gradual acceleration of the piston than 
by @ sudden acceleration. During the initiation period the processes 
occurring are reversible until a discontinuity is produced. By a slow ac- 
celeration the distance in front of the piston at which discontinuity occurs 
is increased and therefore the degradation of energy is postponed. 


There have been many criticisms of the Huconiot treatment (Lamb,*? 
Rayleigh)}*the difficulty being connected with the idea that the passage of 
the shock front is an irreversible process although there is no viscosity or 
thermal conduction. As Rayleigh points out, perhaps one should consider the 
Hugoniot equations as limiting equations for very small viscosity, etc. Then 
the existence of a very steep shock front could result in a finite dissipa- 
tion of energy even though the effect of viscosity, etc., could be neglected 
elsewhere. 


18. Rarefaction Wave Following a Detonation Wave. 


In this section detonation waves initiated by a single impulse from 
a piston will be discussed. At the discontinuous detonation frontthe 
Hugoniot conditions must again be satisfied, with the modification that the 
change in chemical energy due to the reaction must appear in AE. In the 
shock wave the velocity (Uj) of the gas back of the wave was that of the 


piston and ali the energy came from the piston. Now, however, the détona- 
tion itself supplies energy and there is no reason why Up should equal w. 


There i8 another condition which must be satisfied at the detonation 
front, a condition which was discussed in Sec, 5. Upon the introduction of 
this condition, Po, Vo, and Up become fixed without reference to the piston 


speed, so that in order to keep the product gases at a constant velocity, 
the piston velocity w must be Specified, instead of being one of the 
independent variables as in the shock wave case. 


Therefore if it is assunicd that the detonation reaction starts 
instantly, the situation is quite simple when the piston is instantly 
accelerated to the proper final velocity w. Fis, 18-1 shows this case. 


we 
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Fig. 18-1 


In this case, if the piston is later brought to rest, a rarefaction 
wave is started which should behave the same way as the rarefaction wave 
in the corresponding shock wave case, i.e. according to Fig. 18-2, except 
that it does not catch up with the detonation wave since here D= c+ Ww. 


fi / Rare- i 


faction U=0 Fig. 18-2 
x / / wave ie ‘s 
a Piston 
pe 
¥ ' 


If the time during which the piston is being slowed down is decreased, 
in the limit a situation such as shown in Fig. 13-3 should prevail. 


‘ 


/ / raret sn 


Fig. 10-3 


Now suppose the length of time the piston travels to be reduced to a 
minimum. In the limit, the situation would look like Fig. 13-4. 


/ iy 


rare- 
gas faction fo 
at / wave ae 
Fig. 18-4 
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Here the sharp detonation front is immediately followed by the rarefaction 
wave. The gas in front of the detonation front is at rest, immediately be- 
hind it has the velocity w, and this velocity falls off until the end of 
the rarefaction wave is reached, after which the gas is at rest. 


It should be pointed out that this limiting case provides no mechanism 
for starting the detonation. It does illustrate, however, a situation close 
to that of an explosive detonated by a short sharp blow on an end otherwise 
blocked off by an immovable partition, 


Another difference from the usual shock wave case is the fact that the 
products of an explosion are ordinarily mixtures in which various chemical 
equilibria can occur. As the gas cools off on decompression, these 
equilibria will shift, at least until the temperature falls so low that the 
equilibria become "frozen", These shifts cause changes in C,, the heat 


capacity. 


If the detonation front is not infinitely steep, and it of course can 
not be in reality, there is the possibility that the rarefaction wave may so 
cool the sases that the reaction is stopped before complete detonation has 
taken place, thus weakening the explosion. This may be the reason why the 
mode of detonation is important. Poor detonation may cause the rarefaction 
wave to follow too closely behind the detonation front. If the rarefaction 
does cut off the end of the detonation, it should reduce the detonation 
velocity, because it vrevents complete chemical reaction. 


As the detonation proceeds down a stick of explosive, the detonation 
front should be unchanged but the width of the rarefaction wave increases. 
This may account for observed differences in effect for different lengths, 
since the region of high pressure and velocity will increase in length as 
the detonation proceeds. 


Quantitatively, the rarefaction wave back of the detonation wave can 
be treated by a procedure exactly similar to the simple rarefaction wave 
discussed in Sec, 15. Provided the equation of state of the product gases 
is known a complete solution can be obtained for any given deceleration of 
the piston, Practically, though, the qualitative results already outlined 
contain most of the useful information, inasmuch as the "deceleration of the 
piston" in the actual case is unknown and is determined by the mode of 
initiation of the detonation. 


19. Phenomena at Boundaries: Reflection 


Reflection plays a very important role in the initiation of shock waves 
by an accelerating piston, in the dying out of a shock wave due to its over- 
running by a rarefaction wave, in the effect of shock waves on an obstacle, 
and on the initiation of a shock wave by an explosion, In this section 
will be given the beginnings of the treatment of reflections. 


The simplest case is that of a compressional shock wave reflected from 
a rigid wall. The solution which satisfies all the requirements is shown in 
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Fig. 19-1. The reflected wave is also a compressional shock wave but it 
moves against the mass motion of the fluid and leaves the fluid behind it 
at rest. Its velocity is given by the expressions 


Dref. = -{-w x Ve AP5 - Pp )/(Ve - v5) | : 
O=-wt /(Pz - Po) (Vo - Vz ) , Es - Eg =(1/2)(Po + Pz ) (Vo - Vg 8 G09: 


PAE TAT. Me og 
Pp. Vv Ix Dd, V fi ~ 
Lys 1» \ 3» 3» ~ 
x|U, = 0 NUS Ot uPa Ss 
/ N / V4, =o , 


| [Pex ¥as Sf Danes wets ms Fig. 19-1 
jess S 


t 


Further reflections will take place from the piston, if it is rigid, 
as ghown. The waves going in the negative direction will have lower speed 
(relative to fixed axes) than the forward waves, because they go in the 
direction opposite to the piston motion. As the fluia becomes more and more 
compressed (note that it does so in discontinuous steps in this case), the 
velocity of the waves increases. 


If the rigid wall is replaced by a second medium of infinite extent, 
a shock wave will be transmitted into this second medium and either a shock 
or a rarefaction wave will be reflected. Across the boundary there must be 
equality of pressures and of mass velocities. 


Let urbe the mass velocity and Po the pressure in the first medium 
before reflection and let P4 be the pressure which would be produced in 
medium II by a piston with velocity 4% Then: 


If Ps Po shock wave reflected 
or) 


18 re <P, rarefaction weve retlected. 


This result has been proven wigorously for ideal gases by von Newnann?® 


but seems reasonable for any media. 


WAL Bal Se Pg, V3', UZ 


NPs, V5, Ug 
\ Fig. 19-2 
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The Hugoniot conditions must be satisfied at the dotted lines and 
equality of pressure and velocity mintained at the interface. The fluid in 
contact with the piston must have the velocity w of the piston. These con- 
ditions are just sufficient in number to specify all the free variables, 


20. Calculation of the Velocity of the Shock Wave 
Produced by an Explosion 


a. Basic principles. When the detonation wave travelling down a stick 
of explosive reaches the end, reflection occurs and two new waves are pro- 
duced. One is the shock wave in the air at the end of the stick; the other 
is a rarefaction wave moving backward through the burnt gases. The boundary 
between the burnt gases and the outer air will also move forward, though not 
as fast as the shock wave in air. 


The problem is treated most simply if the forward-moving rarefaction 
wave which inevitably follows the detonation wave (see Sec. 18) is ignored; 
i.e. the case of a semi-infinite stick is treated. The effect of this rare- 
faction may be added later. 


Fig. 20-1 


The situation is then as shown in Fig. 20-1. It is assumed that 
across the boundary between the explosive and the air the pressures mst 
remain equal and also the mass velocities. If the properties of the 
explosive are known, Po, Vo, W and D can be calculated as shown in Part II. 


The values of Ps, Ve and Us across the reflected rarefaction wave are 
calculated as seen below if one of them is mown, That is, Py, say, is a 
known function of Pos Voy and U;. Likewise fom the theory of shock 
waves already given, Py V3 and Uz back of the shock wave are connected 

so that P; is a lmown function of Uz, Py, and Vj. It is then meraly neses- 
sary to combine these two equations connecting Ps with Us to solve for both 
B, and Uz, and therefore D , etc. 
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Using the method of Sec. 13, we see that (since the stick is 
infinitely long) the whole region in the burnt gases is covered by r 
type lines originating in the region of uniform pressure and velocity 
(Pow) back of the detonation front. These lines run parallel to the de- 


tonation front in this region and curve Site on passing through the 
rarefaction wave. Consequently, since r = 3 (w+ U) is everywhere the 
same (in the burnt gases), 


Uz = - (a+ const. (110) 


fete ) aP ; (111) 


On choosing foie the const. becomes w, the mass-velocity back of 
lo 2? , 


{I 


where &) 


the detonation front. 


To summarize: the burnt gas expands reversibly, at the same time 
increasing its forward velocity and reducing its pressure and temperature, 
The air is compressed and acquires a forward velocity. The solution is 
assumed to be the situation reached when the pressures and velocities are 
equal across the boundary. 


b. Use of a general equation of state, The equation of state will be 
written in the general form 
Py = nRTF (x) (112) 


where x = (K/v) h(T) , (113 ) 


in which P is the pressure (c.2.8. ), v the volume occupied by the gases 
resulting from the explosion of M grams of explosive, v=VM, n is the number 
of moles of products (all products are assumed to be gases), R is the gas 
constant per mole (c.g.s.), F (x) is some function of x, K 4s a constant 
for a given composition of the gases and for the given quantity M, and h 
(T) is a function of the temperature T. It will be assumed that the 
composition (therefore n and K) is independent of T and P. 


The velooity Us of the burnt gases is connected with the density 
through the equation 


Us aoa y(ar/a ? ae afi (114) 


as shown above. It is convenient to write the integral in the form 


1 
mun. tae) ee 
xe ($ bg (Mak Dg eC , (115) 


in which the integrand is expressed as a function of x. We therefore 
need (aP/a CP dg and (a ( [)s: In addition we shall want P as a function 
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of x, and T as a function of x, the latter as an auxiliary quantity be- 
cause T will appear in the integrand above. P will be obtained by in- 
tegrating (dP/dx), and T by integrating (aT/ax)g. 


From pure thermodynamics we obtain the following relations: 


(¢) = oe g) (116) 
dv Ss C., at Vv 

aP = ap ’ (117) 
ei y@), 

Eel 7 

Cy \at/y/\av/p 5 
V 32 
Cera aT arr) av (119) 
ee ou it (a k ; 


in which C_, is the heat capacity of the M grams of burnt gases at the 
temperature T treated as ideal gases, C, the same quantity for the real 
gases at Tandv. ¥ is c,,/C, for the real gas. 


The density ( equals M/v so 


aC = —M/v- . (120) 
dv 
Also, from the definition of x, 
dx = -(x/v) dv + (xh'/njaT , (121) 
(= = "kK + ce =P k= xh a) 
dv Ss Vv h \dv 3 v. Bee any 
= -x hCy + vh'T (dP/aT), (122 ) 
hv CG 


These equations may now be combined to give the results desired, i.e. 


ar zs (ele fav = Joyaig ML ; 
ax S ay g dx /g x [he (ar /aP), + vh T] , (123 ) 


an expression which can be integrated to give T as a function of x, for 
Siven To 5 Xo. 


Also aP ate dv =o ¥ hy C dF dv (124) 
ax J, avj, \ax Js x [h C+ vhit aP/dT),, 


which can be integrated to give P as a function of x if Po and xp are known. 
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Finally, 


| x dP) hvCy 
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—_ 
1 
sl 
Ca 
2 
MN 
ra 
8 
< 
+ 
<4 
DI 
4 
a 
ae) 
Au) 
W 
> 


so that 


2 y ‘ap hvC,, 
dvfn x[hC, + vh'T (aP/at),, ] 


Eq. 


ax. 


125) ta 


(125) 


(126) 


In all these expressions C, and Y should be considered as functions of x 
with S constant. The quantities (aP/av)p and (aP/aT)., are given by the 


expressions 


nRT 


e een, E+ px) = -B (F495 x) 


& = oR (F+xtr'h'/h) ; 
iit hee a 


in which h' = ah/at, F' = ar/ax. 


(127) 


(128) 


The above equations give U and Pz as funotions of x, so that Ps 


can be plotted against - The intersection of this curve with the corres- 
ponding one for the shock wave gives the value of BG (and Ps ) expected. 


ce Use of a special equation of state. The equation of state used 


in Sec. 8 is a special case of the above general form. 


Py = nRT (1+ xe 0X) 


where 22 


K/vT™ , of = 0.25, COs, 


ADS F Tene oh a 


ul 


Fi se bx (1+ @ x), hn' = -ah/t 


and (=) sede (1+ 2x0 BX + Bx? oP *) = 
AV Jen vF 


(129) 


(150) 


(151) 
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Sec. 20 -}h Iq 132-157 
where ye Paw a1 4 exe 0% +@x° e PX, 
Also ap = BR (F-@xF') = oRz ; (132) 
aT a Vv Vv 
where Z = FPeQxF' ale ene ae xe Ox ww Bx 5 (132) 
Then Cy ae Tz with b = C,/nR. 
ax x (b= @ z) 
Ss 
e : ° int, = = dx ’ (153) 
T 1s) (8 be 


in which T' is a constant of integration and g = 1-(a z/»), 


From the general equation for Cy, we get in this case 


b=bp + @&(z-1) , (134) 


_where -—»j_= Cy; /URs ise. the ideal value of b. Also 


Y= 1+ (z2/y). (155) 


The pressure is obtained from the integral 


Mie: ate fe ode ae (136) 
12 I) yes 3 
while Gee ee MAGE yet Dm as (137) 
be M Xo ex 


in which t/t‘ is taken from the previous calculation. 


A rather exact treatment could be carried out using these equations, 
which enable the velocity U5 and the pressure Py of the expanded burnt 
gases to be tabulated as a function of x. From this Wu vs. B is plotted 
and compared with vs for the shock wave in air, taken from Table 
16-1. The intersection of the curves gives the solution for and ’ 


Bo that the shock velocity p* can be read from Table 16-1. At the present 
time, however, the above equations have not yet been applied rigorously. 


d. An approximate procedure. In the calculations so far carried out, 
certain simplifications have been used. First Tos Pos W and X5 were calcu- 
lated for the burnt gases directly back of the detonation front by the 
methods of Part II. Then the variation of heat capacity with temperature 
was ignored in applying Eq. (134) and (133). It was thus possible to 
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tabulate t/t' as a function of x for a fixed value of by (Cv /rR). From 
this and a knowledge of To and xo, T’ can be read. This table is found in 
the appendix (Table A-IV). Likewise, the variation of b, with temperature 
was ignored in computing log P/P’ as a fiumction of x from Eq. (136). This 
is also tabulated in the appendix (Table A-IV). From it and a knowledge of 
Po and xo , log P’ is read off. Hq. (157) can next be employed to obtain 
Uz as a function of x. The integral in Eg. (157) can be tabulated (Table IV), 
so that little labor is involved in carrying out these computations. When 
U3 and P5 have been computed for several values of x, Py oan be plotted 
against U3 , and this curve compared with the corresponding curve for shock 
waves. 


The approximation of ignoring the variation of heat capacity is probably 
not too serious. At the high temperatures involved the variation is not 
great; furthermore its effect partly cancels out. 


e. A sample calculation. As an example consider tetryl at_a density 
of 1.2 g./ec. Here M = 267, h = 11.5, Ty = 3950 and D,; = 2.35 10° om./sec., 
according to the methods of Part II. We could also compute the other re- 
quired properties theoretically but to avoid compounding errors, it is better 
to make use of the measured detonation velocity, D = 5.9 x 10°, at re = 1.2. 
Then D/D, = 2.50. Examination of the heat capacity of the products shows 
that Table A-ITI with Cyi = 7 is the right one to use, whence we get x; = 
1.67 , Xo = 2.246, To = 3520. From 4 (850), Po = 10.7',x 101° dynes/s4. 
cm» (over 10? atm.?). Then using Table A-IV we get log P = 8.22427] and 
T' = 1180. Also w = 1.51 x 102 cm./sec. from Eq. (86). 


These numbers may now be inserted in Eq. (137), mking use of Table 
A-IV to obtain the values of the integral. The result is a Table of values 
of UZ against the final x. From Table A-IV also one can obtain log 3 vs x 
knowing log P’. Therefore log Ps can be plotted against Uz , a8 shown in 
Fig. 20-1. On the same plot is shown 1 vs for the shock wave in 
air, these points being from Table 16-1. he intersection of the shock 
wave curve with that for the burnt gases gives the predicted mass-velocity 

» which enables D' to be found, again from Table 16-1. The result in 
this case is D' = 7' 50 meters/sec. for air. The experimental value is 
7900 me /sec. It should be emphasized that these are only the initial 
shock wave velocities; they will decrease as the shook wave proceeds. 


f. Other results. Little experimental data exists with which to 
compare calculations of initial shock wave velocities. Some of the avail- 
able data is summarized in Table 20-1 below, together with the velocities 
computed as above. The agreement is all that could be expected. 


Table 20-1. Calculated and observed Initial Shock Wave Velocities in Air. 
(Experimental results from Cairns )3 


Explosive Density D'calc.: D'obs. $ 
PETN 0.5 6120 6500 5.8 
¥ 1.2 7880 8100 Ay 
Tetryl 1.0 7500 7700 2.6 
es 1.2 7730 7900 2.2 


* For values beyond the limits of Table 16-1, the table in Sec. 4b was 
provisionally used. 
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9.00 


Fig. 20-1 


8.50 


21. Some Remarks about Work 
in Progress 


At present the work described in this report is being carried further 
and it is hoped to be able to extend it to three dimensions. The question 
of the dying away of shock waves is being studied now and it is hoped 
ultimtely to be able to calculate to a practical degree of accuracy all 
the phenomena associated with an explosion. 
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APPENDIX 
Table _A-I 


Mean Heat Capacities 
ay 


22 2 
¢ = [1/(T5-300)] ine CydT = A+ BIy 


Substance A B Coef. Case A Coef. Case B 
C (solid) 3.94 0.27 x 107 
co 5.61 0.21 x 107 q 2q~-str ip 
Cop 10.16 0.46 x 1079 s-q-r/2 
Hp 4.Ql 0.30 x 107 q-o+r/2 
H50 7-86 6.50.2, 102 3-4 r/2 
No 565 0,21 x 1079 t/2 t/2 


The mean heat capacity of a mixture is also given by the equation 
Cus fice BI, (calories per gram-mole ) 
in which A and B are obtained from the individual values given above by 
multiplying each by the number of moles of that constituent and adding. 
The number of moles for the simple cases A and B of Sec. 9b are given 


in the fourth and fifth colums. The results above are accurate to 1% 
over the range 2000 to 5000° for To. 


Table A-II 


Covolume Constants for Individual Product Gases. 


Gas Ky, (cc. ) Gas Kx (c.c.) 
No, CO 316 Hp ok 
COp SHO Ho0 ok 


For a mixture K = iS nk, 
For cases A and B, the coefficients Nk are given in the previous table. 


Onan 
0.626 
00.906 
1.170 


1.431 
1.685 
1.936 
2.182 


=Ans 


Table A-III. D/D,, T/To etc. vs. xj. 
Ppa aaitee ce St a St Aa 


(1) Cyi = 7 cals. /deg. 
B/¥, To/T D/D; 


Vers 
1.350 


SO oall =e 
2RUM 
Our 


De 
iw) 
FoR 


(3) Cyi = 10 


933 
“97D 
0976 


°975 
-978 
“979 
-980 


+983 
977 
°968 
©9959 


2950 
940 
950 
2920 


1.182 
1.3598 
1.553 
1.710 


1.891 
2.077 
2.267 
2463 


mill 

1.30 

a 

172 220 

2.60 

a; WAs80 

192 5) 200 

199 35.20 
cals./dec. 

xt 

179 240 

2.60 

eer een 
cals. (dec. 

a 

2.50 

pean eo 

202 320 


ne 


WOO! ipo po fm 
e J e s es 
WwW HH OOW 


IAS 
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Be 
8 
ft 


MU 

es) 
& 
WwW 


g 
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Table A-IV. Properties of Burnt Gases from Explosion. 


(Int. = VES Sen / yt/tt dx/ex witha 2.23) 


t/tt log. P/P t/tt log, p/pl Int. 


wert Debris) ae 

eal 1.000 O O 158) Pag ehOls! 2.1628 56725 
O.2 ig ss 0.4449 9030 1,6 PECL Sho) 2.2456 59834 
0.3 1.306 0.7169 15040 ihn 2.470 2.3180 62860 
0.4 1.414 0.9303 20000 ast 2.560 2.0962 66024 
0,5 1,505 iL Oz 24170 158) 2.646 2.4646 69126 
0.6 1.594 i coc6 28080 2.0 2.742 2.0592 72077 
Orne 1,674 1.3815 31590 eeu Boos 2.6044 75584 
0.8 a OLG 159063 35040 Bie Zee ig Oday} 78952 
One 1k, Sere TGS? 38250 583 3.033 72 {/NS}0) 82294 
Lae IL, SLs) db faze; 41480 2.4 3.144 2.8087 85809 
aL yak AL heh 1.8154 44530 2.5 3,249 2.8694 89315 
ee 2.068 ays eal 2a 47650 

RO 2.143 1.9965 50650 

1.4 Qeco 2.03852 53650 


Explosive G @Q D(obs.) Po(atm.) T, (°K) Up(m/s) 
PETN aD) a tAe 4000 15,000 4740 1274 
aL we 6S 100 115 ,000 4520 1602 
Cyclonite vere AG2 6310 122,000 4220 1633 
1.56 2.04 7890 226 ,000 4100 1876 
Tetryl IE (0) IL SeXS} 5500 78 ,000 3560 1444 
Ge LAMY 5900 106 ,O000 3520 1513 
Pr cricerA cdc OS Poo 5150 70 , 000 3080 WS 32 
1.63 Zeal! 7210 189 ,000 3020 1632 
Nitroglycerin 1.6 2.15 7400 222,000 4660 1899 
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NOTE ON THE LATERAL EXPANSION BEHIND 
A DETONATION #AVE 


G. I. Taylor and M. Jones 


May 1942 


* * * * * * * 


When a detonation wave travels along the length of a cylindrical explosive charge, the 
front seems to be a surface which is nearly perpendicular to its direction of motion, i.e. to the 
surface of the charge. Immediately behind the detonation front the products of combustion can 
expand laterally. If the explosive is contained in a tube the inertia of this tube is in most 
cases sufficient to ensure that the pressure across any sectioo of the expanding tube is nearly 
uniform. When the wall of the tube is very light or when the charge is uncased the conditions 
are more complicated and the lateral as well as the longitudinal component of velocity in the 
expanding gas must be considered. Though the motion of the expanding gases from a cylindrical 
explosive cannot be described completely without great complexity of analysis, the motion in the 
region close to the point where the detonation wave meets the surface of the cylinder can be 
analysed. 


The problem is simplified in the following way. we consider a semi-infinite block of 
explosive bounded by, and lying below, the xy-plane. Co-ordinates are taken moving with the 
uniform detonation velocity Up in the positive x direction. The lower half of the yz—plane then 
represents the detonation wave front and the motion of the expanding gases is steady relative to 
these moving axes. On account of the Chapman condition, we know that, referred to this system, 
the products of the detonation wave front are moving in the direction of the negative x - axis 
with the local velocity of sound C. The flow of the hot gases and the positlon of the shock 
wave which is produced in the surrounding medium can readily be calculated by the methods 
described by Taylor and Maccoll (Aerodynamic Theory, W.F. Durand Vol.!I1). To obtain numerical 
results the law for the adiabatic expansion of the explosion products must be known, and this has 
been given by Jones and Miller, and Jones for T.N.T. at densities 1.5 gm/en? and 1.0 gm/en? 
respectively. 


Referring to Figure (1), OA denotes the detonation wave front, which is at rest in the 
Co-ordinates considered, with gas passing through from right to left with velocity c where 


2a, (it 
2G) : 


p is the pressure and p the density, and the suffix o denotes values taken over the plane OA. 


The equations of motion for two dimensions are 


eat Hho Sy a) 1p (2) 
or r 300 r pwore 

u iad + u ov + Oy == me i op (3) 
or r 06 r p dé 


where r and @ are polar co-ordinates with respect to 0 and the reference line &, and u and v 
are the components of the velocity parallel and perpendicular to r respectively. 


We assume the existence of a solution (verifiable a posteriori) in which p, u and v are 
functions of @ oniy. Equation (2) then becomes 


du 
v =(= (4) 
Ge 
and (3), together with the equation of continuity, 
d 
yo + — (vp) = 0, 
dd if 


Gives seoee 
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gives 


ve ace (5) 


Also (3) and (4) with the condition that when p= p., u= v and v = c give 


p 
iP 2 Cow so ff 1 ap (6) 
Pp 9 
by less ; dp v4 ted f 
From tabulated adiabatic p, v relations, the values of and J = dp have been calcula or 
p 
fo} 


various pressures. Thus the values of u and v for a given pressure are obtained from equations 
(5) and (6). The angle specifying the radius vector along which these values of u, v and p 
occur is given by equation (4) which may be rewritten 


a-f ta (7) 


° 


This integral has to be evaluated numerically. 


The direction of the stream lines is denoted by the angle ¢ relative to OA as reference 
line, which is given therefore by 
p= OF tani (8) 
u 
Tables (1) and (2) give the angles @ and ¢ and also u and v for various pressures below the 
initial value p,, for the loading densities 1.5 and 1.0 respectively. Curves in Figures (2) 
and (3) show the angles @ and ¢ plotted against log,9 p. 


The Shock Wave in the Surrounding Hedium. 


When the expansion takes place into a medium such as air or water the solution can be 
obtained as follows. The solution already given holds over the region AOB. Along 0B, the 
pressure is constant and the stream lines are all parallel to OD, i.e. the angle AOD is the 
value of @ corresponding to the value of 6 AoB. In the region BOD the pressure is constant and 
the stream lines are straight and parallel to OD. O& represents the shock wave front in air; 
the angle E0A we denote by W. It is known from the theory of oblique shock waves (cf Taylor 
and Maccoll loc. cit.) that behind OE the stream lines are straight and the pressure is constant. 
The solution is determined therefore by the following two conditions. First, the constant 
pressure in the region EOD must be equal to that in BOD, and secondly, the direction of the 
stream lines behind OE must be given by @, i.c. they must be parallel to 0D. There is a 
tangential discontinuity in the velocity along OD. 


Let U(p) be the velocity with which a shock wave is propagated into the outside medium 
in the direction of the normal to its plane when the pressure benind the shock wave front is p 
and the medium in front of the shock wave is at rest. Let u(p) de the corresponding particte 
velocity behind the shock wave front. The first condition may then be expressed by the equation 


sin w-F) = at (9) 
i) 


Since the velocity of the medium relative to the shock wave is U(p) - u(p) the second condition 
is expressed by U(p) - u(p) = Up cos ane tan (WY -@) or sin eS - cos a2) tan 
2 2 


(b-q) = Ute may. be weitvenvini the Torn 
i a y 


tan (=) = Tae (10) 
De . 


(u 


The functions U(p) and u(p) depend upon the medium into which the expansion takes place. for 
a perfect gas at pressure Pa in which the velocity of sound is cy we have 


U{p)ieesivete 
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atts 
up) = 4 se (%) ‘ ra (a1) 
a 
eis 
ulp) = £9 Pa : eee RNY cere = (12) 
y 2° Pa zy 


where y is the ratio of the specific heats. 


For water, tables of the functions U(p) and u(p) have been kindly supplied to us by 
Dr. Penney. These functions are shown in Figure (4) in which U(p) and u(p) are plotted against 
10946 p where p is expressed in atmospheres. 


To determine the shock wave we take a given value for p and from the known value of U(p) 
we find W from equation (9) and also @ from equation (10). The points @, log p so determined 
are plotted in Figures (2) and (3). Curves (a) and (b) relate to air and water respectively. 
The intersections of the @. log p curves obtained in this way with those obtained from the 
values of tables (1) and (2) determine the angle and the pressure of the shock wave maintained 
in the given medium by the adiabatic expansion of the explosion products. 


A solution of this type in which the shock wave passes through the point 0, Figure 1, 
is no always possible. In a gas, for high values of the pressure such as we Consider here, 
(1 ~ u(p) U(p)) tends to a constant value (y- 1)/(y+ 1). Thus, if we denote for brevity 
tan @-9) by 7) and tan y - 9) by &, equations (9) and (10) give 


E-n = (Cay E (1+E7) (13) 


yrt 


The greatest value of 7 for which this equation has a real root in& is given by 
ES TT Lh Gia 
tan Gy - | = (y+ 1) - 1), (14) 


and the co responding va'ue of W is given by 


"max 


tan Wray = 5) = (LE8 (15) 
y-i 


For air, assuming y = 1.4 we find Prax = 135 degrees 35 minutes. Thus if the curve (a) Figures 
(2) and (3) has not cut the @, 10a p curve when @ has reached this limiting value no solution 
of the type sought is possible. The effect is similar to that of the formation of a shock 
wave by a moving wedge. When the angle of the wedge exceeds a certain critical value, the 
shock wave no longer passes through the vertex of the wedge but moves ahead. Figures (2) and 
(3) show that for T.N.T. in air the angles @ are less than the critical values so that solutions 
of the form shown in Figure (1) are possible. 


If the surrounding medium were helium yas (y = 1.67) the limiting value of q@ would be 
126,49 degrees so that in this case the shock wave would be ahead of the detonation wave for 
both densities. 


It is interesting to find the angle X at which the particles of the surrounding medium 
are thrown forward in the shock wave, i.e. with respect to the explosive at rest. X is the 
angle between the direction of motion of the particles and the direction of the detonation wave 
normal. The horizontal and vertical components of the particle velocity in the shock wave 
(i.e. perpendicular and parallel to OA Figure (1)) are respectively 


Up sin W -9) sin ( - 4) 


cos (y - d) Gs) 
and 
U (b - 3) sin @~-%) 
p cos (b- 5) sin @ 3 in) 


cos WW - $) 


Thus tan X = cot  -3) or X=m7-w 


The sesce 
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The numerical results are summarised below: 


T.N.T. density 1.5 gnem? Up = 6790 milliseconds. 


in Air 

@ = 124 degrees 24 minutes p = 129 degrees 30 minutes wW = 144 degrees 

24 minutes X = 38 degrees 36 minutes. Pressure in the shock wave = 300 atms. 
In water 

= 63 degrees g = 100 degrees 36 minutes W = 127 degrees 6 minutes 

X = 52 degrees 54 minutes. Pressure in the shock wave = 56,249 atms. 
T.N.T. density 1.0 gm/em? Uni 5266 milliseconds, 
In Air 

@ = 125 degrees 6 minutes dm = 131 degrees 42 minutes W = 145 degrees 

21 minutes X = 34 degrees 48 minutes. Pressure in the shock wave = 200 atms. 
In water 

@ = S57 degrees gb = 9 degrees 6 minutes W = 125 degrees 6 minutes 

X = 50 degrees 54 minutes. Pressure in the shock wave = 31,620 atms. 


The stream lines of the flow relative to the detonation wave are shown in Figure (1) 
for air and in Figure (5) for water. The line 0D separating the explosion products from the 
surrounding air or water is shown clearly in both figures. As might be expected the expansion 
is much more rapid in air than in water. The degree of confinement obtained by surrounding 
the explosive with air and water respectively may be judged by comparing the pressure at the 
surface of separation between the products of combustion and the surrounding medium. In air 
this is only 300 atmospheres while in water it is 56,000, 


This pressure may be compared with the initial pressure at the interface between water 
and a spherical explosive, calculated by Penney as 36,000 atmospheres. In Penney's case, the 
explosion products were assumed at rest before being suddenly released. A higher figure would 
have been obtained if the motion of the gas in the detonation wave had been taken into account. 


The angles of the interface shown in Figures (1) and (5) are those which would actually 
be seen in an instantaneous photograph if the detonation process did in fact take place ina thin 
layer. 

Among other things which might be the subject of experimental test is the prediction that 
the shock wave from a bare charge of T.N.T. would travel ahead of the detonation wave if exploded 


in helium but not in air. 


TABLE I. 


T.N.T. density 1.5 


p dynes/em* @ degrees @ degrees u_cm/sec. v_cm/sec. 
15.88 x 10/0 0 90° 0 4.57 x 10° 
7.809 53° 42° 9? 2u" 3.973 x 10° 3.80 * 
a7t 68° 4B" 102° 54° 4,917 0 3.33 a 
2.299 * 81° 30° 107° 42" 5.59 ci 2.76 ¥ 
8.878 x 10° 96° 4B' 113° 6° 6.234 * 1.82 * 
4,318" 106° azo aia" 6.476" 1.28 a 
1.947 8 113° 12" 121° 18° 6.611 " 0.937" 
7,980 x 10° 119° 6° 125° 24" 6.69 * 0.736 =" 
2.880 ": 124° 24° 129° 30° 6.758 0 9.608 * 
8.707 x 107 129° 30° 133° 5u" 6.808 * 521 °* 
1,999 * 134° 4B" 138° 30° 6.852 - Cuag 0” 
2.818 x 10° 140° 4a" 1u3° 4a! 6.894 * 6360 * 
0 6.973 * 0 


Table It weeee 


p dynes /em* 
g.2u1 x 10!° 
u,606 2" 
2.748" 
1.734 e 
‘zis 
6.607 x 10° 
9.333 x 10° 
uue7 

5.689 x 10° 


Figure (2) 
Figure (3) 
Figure (4) 


Figure (5) 
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TABLE Il. 


T.N.I. density 1.0 


@ degrees p degrees u_cm/sec. v_cm/sec. 
0 90° 0 3.703 x 10° 
45° 30° 95° 6" 2.851 x 10° 3.346 * 
62° 30° 100° 16° 3.789 " 2.037 ale 
ie he 104° 16° 4,362 " 2.503 ® 
82° 24" 107° 18° 4,684 U) 2.173 ( 
93° 36! 111° 54" 5. 057 " 1.675 2 
114° 54° 123° ie 5.528 . 854 =O 
120° 36° 127° 54° 5.605 c med Y 
14y° 48! 148° 4at 5.638 . 2461 (J 
6.028 ~ 0 


Diagram snowing the stream lines for T.N.T. density 1.5 gm/cm? detonating 
in air. Line 0D separates the products of the explosive and the air of 
the explosive and the air of the shock wave with wave front OE. 

T.N.T. density 1.5 gm/em. Explanation in text. 

T.N.T, density 1.0 g/cm. Explanation in text. 

Shock waves in water. Uata supplied by Penney. 

Stream lines for T.N.T. density 1.5 gm/cm? detonating in water. Region 


EOD is the water shock wave. DOA is region containing the products of 
the exploding T.N.T. 
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* * * * * ” * ” * 


The purpose of this mathematical Investigation Is to estimate the tlme variation of the 
pressure at various distances from the centre of an explosion of a spherical charge of T.N.T. 
surrounded by water, The results of some measurements are avallable for comparison, and the 
agreement is satisfactory, Confidence may therefure be placed In the values glven by the theory 
for the pressures at positlons so close to the charge that the force of the explosion prevents 
measurements from being made. 


A rough description of the various events that occur is as follows. The explosive Is 
supposed to be detonated, and for want of more detailed and accurate information we assume that 
the resulting hot gases are instantaneously at rest, and that the temperature, pressure and 
chemical composition are uniform. Thus, at the Initial instant of time, we have a sphere of 
hot gas at a very high pressure, surrounded by water at atmospheric pressures A shock wave of 
great Intensity sets off into the water, and a rarefaction wave starts off into the gas. At 
the same time, the water and the gas in the immediate nelghbourhood of the gas-water Interface 
acquires a high velocity (of the order 1000 m/sec.). By the time the rarefaction wave has 
reached the centre of the gas, all parts of the gas are moving outwards, but the speeds In 
different spherical shells are different. Similarly, in the weter, varlous shells up to the 
shock wave front are moving et different speeds, and there is a considerable variation of 
pressure throughout the system. As the gas expands, it does work, and the temperature, and 
hence the chemical composition, change. The pressure everywhere drops, but nowhere so quickly 
as at the centre of the gas, the origin, immediately the rarefaction wave reaches there. The 
next stage, therefore, Is one where the pressure at the origin Is very low and rising more or 
less uniformly to a maximum at the shock wave front, The pressure gradient near the origin 
soon stops tne gas In this reglon from further expansion, and In fact soon causes yas to rush 
back again to the origin, restoring the pressure as it does so. The pressure gradient at the 
origin then becomes reversed, and gas rushes out again. fhe order of magnitude of the speeds 
at which the gas near the origin rushes in and out ts 200 or 30 m/sec. The effect of the 
pulsation of the gas In the central rcglon passes out Into the rest of the gas and thence into 
the water as rarefaction and compression waves. Another set >f waves is continually belng 
generated at the gas-water interface, and the net result of all these waves, going in and out, 
Is to average out most of them. Nevertheless, the pressure-time curve due to the explosion, 
even at considerable distances from the bomb, should show fluctuatlons. Because of the 
involved nature of the motion of the gas near the origin, it Is not possible without very 
lengthy investigation to proceed to times much In excess of 0.6 x 1077 seconds after the Initial 
instant. Fortunately, most of the events which interest us have occurred by then, and are 
being propagated outwards. 


One Interesting fact brought out by the calculations is the rapid decrease of the 
shock wave intensity with distance. If the taeory of sound were a valid approximation, the 
pressure drop at the shock wave front would vary like i/r, where r is the distance from the 
origin, and of course this willl hold for very large values of r. Figure 4 shows how the 
pressure drop at the shock wave depends on r, for values of r up to about 25 charge diameters. 


Our calculations may conveniently be separated into different sections. Section | 
describes a step-by-step method for dealing with a disturbance of spherical symmetry in a 
fluid. Section I! deals with the numerical construction of certain auxiliary functions 
formally Introduced In the previous section. Section 11! considers shock waves In water. 
Section IV glves the results of the calculations. Section V considers the extrapolation of 
the results to the position at which measurements were made, and compares the results with 
those observed. 
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SECTION 1. THE HYDRODYNAMICAL EQUATIONS, 


Consider an invicid fluid in which pressure changes are occurring so fast that thermal 
conductivity may be nejlected, and such that cvery element of the fluid conforms to the same 
adiabatic equation, Thus, we are assuming that the fluid could be reduced by sultable local 
adlabatic pressure changes In different regions into a condition In which the pressure, density 
and temperature are all uniform. When thls Is so, the pressure may be taken to depend on 
density only. 


For a state of spnerical symmetry, the equation of continulty and the equation of motion 


are 
SP ge P=! Sip[ Quy |B 
ages Mate of Aa » | (4) 
ou Qu - _1 #3~ 
ot ae r p door ta 


Following the well—known solution of Riemann for the corresponding cne-dimensiona: case, 
we introduce two new functions P and Q, both of which Involve an arbitrary function f(0), whose 
precise definition we choose later, to suit our convenience, 


P= ti)+u, 0 = fhe)-u 


Multiply (1) by f'(o), and add to (2). 


ap OP - _4 OP OD_ ppg) PY ~ prr(gy 2 
are eye p dr Or CAM pti Ai 6) 
write 
[e(o) ]2 = -§ 
Deca 


thereby determining f(0), apart from an arbitrary constant. This canstant may be conveniently 
chosen by making the value of f() zero for some standard state, denoted by suffix zero, 


Vv 
te) = | + AB w = = dv (s) 
py de dv 
Po Yo 
Using the definition of f*(o) in (3), we obtain 
oP + Oke = -of' oP - 2y0 re 
aa Ce pt' (p) We : (2) (5) 


Now P is a function of two independent variables only, rf and t. ence 


op OP 
— dr+ —— dt 
3 


dP = 
or t 


Making use of (5), this becomes 


ap = 2° great (ud? + prey 22 + 2 try) 
or a r 
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See Lamb's Hydrodynamics, 
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Now pf'(o) is the local velocity of sound ¥. Hence for a point moving with the velocity 
gr s pt't(o) + u = Veg, 
at 


dp = ~ 2 fe(p) dt - - 24 vat (6) 
r r 


Thus, if the values of p and u are known everywhere at time t, thus determining the 
values of P and Q everywhere at this time, the value of P everywhere at time t + 7 may be found 
from (6). All that we have to do is move the value of P at point r to point r+ (V + u) 7, 
and decrease the value by 2uV7/r. A similar procedure glves the now function Q, as the 
following analysis shows. 


Multiply (4) by f'(0) and subtract (2). Then 


29 29 = ~ prey oY oe _ 2 pr 
ae Lou Pile aa dodr sa 


rc) % “ ah = ; 
> $8 Lar { pt'(e) - u) at J 2E rrp) at 


Hence for a point moving with velocity 
ors pt'(o)-u = -v+u, do = - 22 trip) at = -Bvat (7) 
dt r r 


To find the new function Q, therefore, at time t + 7, we move the value of Q at polnt 
r to polnt r — (Yu) 7, and decrease Q by 2uW/r. 


From the new values of P and Q, the values of p and u are everywhere determined, Thus 
at any point 


u = #(P-Q), fle) = & (PF + Q), 
and from the curve giving f (9) as a function of p, the value of p may be read off, 


in tne problem which we are considering there are two fluids Involved, The analysis 
given above applies in both fluids, with thaeappropriate functions P, Q, V, etc. The boundary 
conditions at the interface are that the pressure and velocity should be continuous, The boundary 
condition at the origin is that tne velocity is zero, and the boundary condition at the outer limit 
of the disturbance In the water may be expressed as a relation between p and us. This last 
condition we shall discuss later, when we consider the details of the step-by-step calculation. 


SECTION II. NUMERICAL VALUES OF AUXILIARY 
FUNCTIONS. 


We now consider how to estimate the values of the functions f(o) and V in terms of the 
pressure as Independent variable, both for water and the exploded gases. Clearly what is 
required is the relation for v, the specific volume (ise. Wp), in terms of p In doth cases, 


The Exploded Gas. 


First let us obtain f(0) for the exploaed gases. We make use of some results obtained 
by Dr. H. Jones for the adlabatic of the gases, the initlal T.N,T. naving a density 1.565 ym./cc, 
Jones ylves numerical valpes of the pressure in terms of the volume, the Initial volume veing 
445 cc. 


A TEW eoees 


276 


-\4e- 
A few specimen figures from Jones' results are yiven in tne following table. 


TABLE 1. 


The volumes v are in cc., and the pressures p are in units 107 kam/em*. 


For values of v between 145 and 280, the above values are fitted fairly well by the 
equation 


(p + 16.65) (v= 112.3) = 4390 (8) 
and between the limits just quoted the equation is useful for theoretical work. 
Before we go any further we must decide on a value for the initial radius of the charges 
For convenience we take this to be 30 cm., so that the weight is 176 kjm, or 390 1b. By suitable 
scale chanjes, described when we come to consider the experimental results, our results may be 


easily modified to apply to any initial radius. . 


The appropriate modification of the above relation between p and v, valia for 
922 p29.6 is 


(p + 16,65) (v- 0.495) = 19.3 (9) 
where v is the specific volume, i.e. the volume per gm. or i/p, where — is the density. 
From this equation it is easy to find the velocity of sound V. 
VY = / dp/gp = (1950 + 35.2p) metres per second, 
valld for p 2 10, 


For lower values of p, the simplest way to yet V is probably by numerical differentiation. 
We find values shown in Table 2 


The function f(0) may also be obtained in the nigher pressure regions immediately from 
the use of (9), and we find 


(eo) = 1380 Joy, { 1+ p/16.65 ] m./sec. 


For the lower pressure regions direct numerical differentiation and then Integration 
must be made. The values we find are shown in Table 2. 


AS we have already mentioned, absolute values of f(g) are of no consequence; all that 
matters is\differences. The zero which we choose for f(o) corresponds with p = © in (9), and 
therefore has no physical significance, but is nevertheless convenient. 


Table 2 sccce 
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TABLE 2. (p< 10 


Bridgeman has made accurate measurements of v for various values of p and T for water, 
but the maximum value of p which he was able to reach was 0 = 12. Now the most important region 
for our calculations is undouktedly covered by nis measurements, but nevertheless we do require 
to know the relation between p and v along an adfabatic for oressures as hiyh as 40,000 kgm/om2, 
The best that we can do is to fit the adiabatic obtained from Bridyeman's figures up top = 12 
with a sultable équation, and then apply this equation up to 0 = 40, 

From his measurements, Briggeman was able to construct curves showing the adiabatic rise 
in temperature caused by a sudden small increase in pressure in water at various temperatures 
and pressurcs. These curves enable onc to construct curves for water at varlous Initial 
temperatures showing the rise in temperature as the pressure in increased adiabatically. Such 
curves are for the most part sma@th, but do exhibit peculiar bumps, assoclated with the anomalous 
maximum density of water at atmospheric pressure at 4°C, We have made no effort to take such 
fine details into consiaeratlon; by assuming that the water was initially at 20°C, however, an 
adiabatic curve sInygularly free from bumps is obtained, From 8ridjeman’s results we find that 
for the adiabatic for water which is at 2°C for pressure one atmosphere, the following equation 
between p and v holds within about 1% over the pressure range 1< p < 12,000 atmospheres. 


(c + 7.82) (V- 0.6807) = 2.493 (10) 


the error being worst at the low oressure end, 


This is the relation which we use over the entire pressure range with whith we have to 
deal. 


For initial temperatures jreater than 20°C, we find the following adiabatic relation 
holds quite well 


(o + 7.82) [ v - 0.6807 - 0,00035 (T,- 20) ] = 2.93 + 0.0006 (T, - 20), 
where To is the temperature at atmospheric pressure. 
Direct ca'culation shows that the velocity of sound is given by 
Veu=sei950rtes t40p metres per second. 
The function f (0) works out at 
f(e) = 496 103, [ 1+ p/7-82] msec. 
For small values of p we may 2xpand 
f(p) = 63.5~ + ov 
Table 3 shows values of V and f(), for comparison with those of Table 2, It will be 
seen that if our calculations sre valid at the very high pressures, the velocity of sound is 


appreciably greater In water than In the exploded jas. 
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TABLE 3, 
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Once again the units for Vand f(0) are metres per second, 


SECTION III. SHOCK WAVES IN WATER, 


The theory of Hugoniot and others on shock waves in air may be modified to apply to 
water, There is no need to consider anything but plane waves because the Shock wave is of 
negligible thickness, ana the shack wave equaticns only 2xcfess conservation thecrems for various 
properties from the. fluid on one side to the other, 


Let the shock wave velocity be U, the mass velocity, pressure, temperature and specific 
volume on the high pressure side de u, 0, T and v respectively, and the Corresponding variables 
on the low pressure side by 0, Por Urs and vhs respectively. 


The conservation of mass gives 
(U =u) vo = uv, (11) 
and the conservation of momentum 
Wu = (p- p) Vor ( 12) 
where the units cf velocity are cm/sec. and of pressure are dynesfem?, 


Write U = xu, and take tne unit of velocity as metres/sec., and of pressure as 


3 kgm/em?, Then the equivalent forms of (11) and (12) are 


10 


U = xu = 313 /(xp) 


x 
n 


vol (v. - v} 


Clearly, we need one further equation to determine x before it is possible to find all 
variables in terms of 0. 


The usual arjument of the piston in the cylinder shows that the increase in internal 
energy per unit mass of fluid in oassing from the low pressure side to the high pressure side Is 
p(y, Sy) oe igs Using (11) an3 (12) we obtain the usual Hugoniot equation 


ANE = ee (oet ip5),(Voc— iv) (13) 


In order to put this equation in a form from which v may be found, we proceed as follows, 
Evaluate the work done in an adiabatic expansion from the initial state p,v to the state Por 
wnere Vv, is the volume corresponding to the pressure Py on the adiabatic containing p,v. Supply 
heat at constant pressure until the volume has increased to v. Then by the first law of 
thermodynamics 
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+ (p + py) (v, - ¥) 
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Substituting the known equation for the adiabatic, and putting in a numerical coefficlent 
to express C, in mechanical work units, we obtain 


T 
0. 767 cidt = 40 (Vo t+V = 2,) - 45 loge (v, - 68070 (v, — ,6807) + 7.82(Vv, - v,) 


Tz (14) 


where ur Is the temperature at state Por Vyas 

This equation mignt be solved by trial and error. Thus a value might be assumed for v; 
the equation of state then fixes T, and direct substitution, assuming C, known as a function of 
temperature, would show how closely the equation was satisfied. Subsequent attempts could be 
made nearer and nearer to the true solution. Fortunately, we do not need such great accuracy, 
and for our purcose it is sufficient to take Cc, as unity. Bridgeman's results snow that this is 
a good approximation. 


Then 


c.aT = (T-1,) 

Ty 
This simplification helos considerably in solving (14) by successive approximation. The first 
approximation is to put v = v, in the right hana side. Equate this value to 0.767 (T - T) to 
find < value for T. From Bridjeman's results read off a corresponding value for v. Using this 
value of v, substitute in the right hand side of (14); equate to 0.767 (T- Ts and so on. 
The process converjes rapidly. Of course, in the higher pressure regions, Bridgeman has no data, 
and the best that one can do is to study the trend of his results and make an inspired guess. 
As we have already stated, the pressure in our problem starts very high, but drops rapidly into 
the region covered by Bridgeman, and errors due to faulty approximations in the Initial stages 
cannot seriously affect the later course of the motion. 


For pressures up to about 2 x 107 kgmcm., of roughly 13 tons/inch the shock wave velocity 
and the mass velocity increase linearly with p. 


we find 
U = 1550 + 9p+.., u = 63.5p (1 — p/15,6) + .., 


where the units of velocity are metres oer second, and the units of p are 107 kgm/cm, Thus for 
small p, u and f(o) are the same to first order. 


The following table gives the shock wave velocity, the mass velocity behind the shock 
wave, AT, the rise in temperature from the Initial state to the state behind the snocx wave, and 
8 T, the rise in temperature due to an adiabatic compreesion from the initial state to the pressure 
behind the shock wave, 


| 20 | 2210 3000 | 3560 


ee ere ee Rss 


we have now enough information to describe how the actual calculations are made. 


TABLE 4. 
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SECTION LV. THE CALCULATIONS, 


Section | has described a step-by-step method by which the oropagation of the disturbance 
may be followed, provided that all parts of the fluid belong to the one adiabatic, This is not 
the case in the problem we wish to consider, because the shock wave raises the temperature more 
than does adiabatic compression to the same pressure. Thus, if thc pressure difference on the 
two sides of the shock wave were 30,000 kgn/ cm, the excess rise of temperature over that of the 
adiabatic compression, from Table 4, is 4c®, Tne shock wave, as it passes outwards, expands and 
rapidly becomes less intense; as a result, the excess rise In temperature becomes rapidly less. 
For example, when the difference In pressure has dropped to 20,000 kgm/om?, the excess rise in 
temperature is only 1°. 


We estimate that the shock wave has moved only about 12 cm. (and Is therefore at radius 
42 cm.) béfore the pressure difference on the two sides has dropped to 20,000 kg/cm’, 


The physica) properties of water at very high pressures in so far as they affect tne 
transmission of pressure waves Cannot vary very much in a few degrees. We therefore neglect tne 
heating caused by the shock wave in excess of the adiabatic heating, and this approximation 
enables us to make use of the simple mathematical process described in Section |. 


At time t = 0 seconds, therefore, we have a sphere of exploded gas at rest, of radius 
30 cm., at uniform pressure, temperature and density, and surrounded by water at 20°C and 
atmospheric oressure. A rarefaction wave sets off into the gas and a shock wave sets off into 
the water. we wish to find the pressure at the interface, Clearly, it is somewhere between 
92, the initial pressure In the gas, and 0.001, the initial pressure in the water, Since the 
Initial densities are about the same (1.565 and 1.0), we anticipate something about the average, 
Say p = 45. The proper value may be found as follows. 


Let us for the moment consider only the one-dimensional Riemann problem ano therefore 
ignore the changes in the functions P and Q caused by the "spherical" term 30u/r in the equation 
of continuity. Then in the narrow strip of jas in the neignbourhcod of the interface there wil) 
be very rapid changes of pressure and velocity, but the pressure and velocity are connected by 
the relation 


7 RON ae (a an 221 (15) 


where the suffix 9 stands for gas, since the value of P in this region is that which was originally 
in the undisturbed part of the gas. 


Now the pressure and velocity are continuous across the interface, and from our work on 
shock waves in water (Section II!) we know the values of u corresponding with values of p, We 
therefore try various values of p and get the corresponding value of us By trying these values 
in (15) we soon get tne proper solution. The solution ts 


p = 37.4, u = 960. 

The corresponding shock wave velocity is 
U = 4OuO, 

After time T seconds, where T is a very short interval (we took 107° seconds) the shock 


wave has moved to 30 + U7, and the interface has moved to 30 + u 7, and the pressure and mass 
velocity between these two radli are constant, and are given by (16). 


The pressure and velocity distribution in tnat part of tne jas which has been affected 
during the time T may ?e obtained by the following arguments. From (15), at any point In the 
gas where the pressure al a particular instant Is p, the mass velocity u is f,(92) - f,(p). 

Now the Ingoing Q wave at this point has velocity V — u, where V is the velocity of sound at 
this pressure. Hence the value of Q corresponding with a particular p is propagaged Inwaras 
with a velocity depending only on p, namely V— (92) + f {p) or 1950 + 35.20 + f (p) = f (92), 
making use of the expression for V obtained in Section 11. The form of the tunctYon Q after 
time T may therefore be found. The value of P everywhere ir the gas is f_(92). Hence p and 
u may everywhere be determined, 2 
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As a particular examole, let us take p = 60, Then, using the results described in 
Section 11 we find u = 480, Q= 1630. After time 107? seconds, the Q value 1630 has moved to 
r= 26.42, Hence at time 107° seconds, the value of p at r = 26.42 is 60, and the value of u 
is 480, the units of Q and u being metres/second, and of p, 10? kam/em*. 


Figure 1 shows the distribution of pressure and velocity obtalned by the above 
approximations, after time 107> seconds. Tne step-by-step process may now be applied to obtain 
the distribution at later times. There are three points that need further explanation. They 
are the fitting of the boundary conditions at the interface, the shock wave and the orlgin. 


Let us take the conditions at the interface first. 


Suppose that the interface is at radius r at time t, and that the pressure and velocity 
there at this time are p and u respectively. After a small further time 7, the interface, to 
first order of small quantities, has moved tor+uT. The step-by-step method, using the 
functions P and Q, enables us to get the pressure and velocity throughout the main bulk of both 
fluids, but not in the narrow strip on either side of the Interface, bounded by radius 
r+utT-V, 7 on the inside and radius r+ uT + Mb T on the outside, where V. and \ fr are the 
local velceltise of sound in yas and water respectively. The velocity and pressure distribution 
Curves, however, may be extended backwards Into the strip from both sides In such a way that 
they join up smoothly. 


Let us now take the conditions at the shock wave. If the shock wave radius at time t 
is R, and the velocity is U, then after a smal) further time 7, the shock wave tas moved to 
Re Ut. There is no difficulty about constructing the P curve at the new tlme, because the 
P curve moves outwards, and the rate of movement of any P value, according to the Ideas of 
Section |, is VY + u, where V is the local velocity of sound and is greater than U. The Q curve 
in the neighbourhood of the shock wave is not immediately obtalnable, because the Q wave is 
moving inwards, and the value of Q is not conserved in passing through the shock wave, However, 
In compensation for the lack of knowledge about Q, we have tke dynamical equations of the shock 
wave which jive us a relation between p and u. Thus, at the new radius af the shock wave 
R + U7 we have the value of P, i.e. one relation between p and u, while another relation Is 
provided by the shock wave equations. The two equations for p and u may be solved, and therefore 
the new value of Q at the shock wave found. By joining up this new Q polnt to the nefghbourlng 
Q curve obtained by the usual method, the complete Q curve Is found. For low values of p, It 
wll] be seen that the Taylor's expansion for u and ft, (P) begin with the same term inp. Henee 
Q at the shock wave begins with a term inp“, Even for p = 4, Q at the shock wave is less than 
1 m./second, 


The condition at the origin is that u = 0, and therefore that P = Q There is no 
especial difficulty about getting Q at the orlyin, but in some of the steps the arlthmetic was 
lengthy, because of the term 2uVr/r in dQ. This term, of course, Is always finite, but u 
Changes very rapidly as the rarefaction reaches the centre, and several Interpolated steps were 
made in the region of the origin, to improve the accuracy of the values obtained for Q ana P in 
this rejion. Even so, we do not claim much in the way of accuracy, particularly as time proceeds, 
In this region. The steps should be taken very much smaller than we have taken, Nevertheless, 
an error in this region will not affect the pressure-time curves at distance 50 feet from the 
Charje until about 0.6 x 10°? seconds after the shock wave has passed. 


In all we carried through 27 complete steps, and many intermediate steps over a small 
region of rf when this seemed necessary, AS a result we obtained the pressure as a function of 
radius at time 0,70 x 10°? seconds. At this tlme, the shock wave radius is 174 cm, and the 
interface radius 58 cm. The pressure difference at the two sides of the shock wave Is 1.92 in 
our units, or 12.6 tons per square inch. 

Figure 2 gives yraphically the results at the end of the 27th step (t = 0.7 x 107 second) 
Notlce the chanyes in the sign of the velocity u, and the fluctuations in the pressure curve. 
The pronounced minimum in the pressure curve near r = 100 cm has arisen from the great release 
in pressure in the water near the interface accompanying the expansion of tne Interface In the 
earlier stages of the motlon. (In the earlier Stages near the interface the pressure Is such 
that water is aporeclably less compressible than the exoloded yas). 
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SECTION V. EXTRAPOLATION OF THE STEP-BY-STEP 
RESULTS AND COMPARISON WITH EXPERIMENT, _ 


The next problem is to take the pressure and velocity distribution curves at the end of 
the 27th step, and extrapolate to very much greater radii, and later times. This can be done 
falrly accurately without much trouble, because the ordinary theory of sound is now not a bad 
approximation. Some modification at the shock wave front is however necessary, 


Let Pe be the pressure difference at the shock wave front when the radius is Roe as 
obtained by the last steo in the step-by-step caleulations. Then, If the theory of sound 
applied exactly to the pressurc discontInulty at the shock wave, the pressure difference P at 
the shock wave when the radius was R, R > Ro» would be 


P = PRO/R (16) 


The value of P given by this formula may be taken as a first approximation to the true value. 
Better approximations may be obtained by the following arguments. 


The speea at which a particular value ef the pressure at a point just behino the shock 
wave Is passing up into the shock wave, tnereby determining the pressure there, by the results 
of Section II1, is V+ u ~ U, or 74P metres per second, Hence by the time the shock wave has 
reached radius R, the pressure at the shock wave has come from a point which was distance a 
behind the shock wave when the latter was at Ros 


dir= (V+ u-U) at, 


the limits of t belny those corresponding with the passage of the shock wave from R, to R. 
Now, with jood approximation, we may replace Jt by dR/U, and take only the leading term of U, 
Mamely 1.55 X 10°, Similarly V + u— U may be replaced by 74Q0P, Moreover, P Is given 
approximately by (16). Thus 


5 
= 5 = 
d' PR (7400/1655 x 10°) GR/R 0,048 P_R Vog,R/R (17) 


Ry 


dis Ry and R are incm., and a is in 107 kymfcm. Wwe nave used the symbol d* instead of d to 
remind us of the approximate nature of the calculation by which it was obtained. Clearly d* is 
an upper limit to d oecause the value of P given by (16) is too large, and this error swamps al) 
the other errors, 


From the pressure-radius curve obtained in the last step of the step-by-step calculations, 
the pressure at distance d' behind the shock wave may be read off. Let this be n(d"). Thena 
second approximation for tne pressure at the shock wave front when the wave has reached r Is 


py = (Rj = 4") p (d")/r (18) 


To jet another approximation, we use this expression instead of (16) and repeat the 
calculations to get another approximation d" tod. Clearly 


a* = 0,048 (Ry - d) p (d") og R/R, 


The value d* is probably as much below d as gd’ is above. Thus the average of d* ana 
d" should be a very jood approximation to d. We take 


d = (d*+0')/2, 


Using this expression for 3, we use an equation similar to (18) for the shock wave 
pressure at radius R, namely 


Pp = (R,- 9) p (a)éR (19) 


This equatlon, together witn the results of tne last step in the step-by-steo calculations, 
enables us to calculate the pressure of the shock wave at any later time, 


In order seece 
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in order not to put tco great a strain on the accuracy of (19), we first take a 
comparatively small value of R, mamely 8 = 274, |.e, 100 cm, greater than that of the last step 
in the step-by-step calculations. The rest of the pressure-radius curve, for want of something 
better, we jet from applying tne ordinary theory of sound to the pressure-radius curve of the 
27th step, Actually the error causod by this approximation appears to be insignificant 


Having obtained the pressure-radius curve when thc shock wave is at R ® 274, we may now 
repeat the argument and get the curve at a later stayc and soon. By proceeding in three or 
four steps we finally reach a staje where the shock wave Is at R = 1665 cm. Table 5 gives our 
results for the differencc In pressure on the two sides of the shock wave as a function of the 


radius of the wave. The waits are 20? kam cm? for pressure and cm. for radius. For purposes 
of changing the units, 1 kym/cm? = 0.97 atmos. = 6.4 tons/in’. 


TABLE 5, 


We have also included u, the mass velocity at the shock wave front, the units being 
metres per second. 


Figure 4 shows a alot of PR against R. If the theory of sound were a valid approximation 
at all values of R, then PR would be constant, 


Comparison with Experiment. 


Tne results of some measurements on the pressure due to the explosion of 300 1b. of 
T.N.T. Surrounded by water are jiven in the "Compilation of data resulting from trials to 
determine the explosive effects of alrcraft bombs" (Research Department, woolwich). The 
measurements were made at a distance of 50 feet, Our figures refer to a spherical charge of 
mass 390 1D. To convert our results into a form in which they may be directly comparea with 
the experimental values we must divide our time scale by 4/ (390/306) = 1.091, and divide our 
radius scale by tnis same factor. Now 50' = 1540 cm; hence, to get the pressure and velocity 
at this distance from a 300 1b. Ccharye, all that we need is to yet tne pressure and velocity in 
our case at R = 1665 cm. From Table 5 we sec that the initial oressure, attained on the arrival 
of the shock wave, is 0.122, or 0.8 tonsf inch?. This agrees perfectly with the experimental 
results. 


Figure 5 shows tne time variation of the pressure at 50' from the 300 1b. charge, The 
experimental curve is also snown. The agreement nere is not good, but there is a rough similarity 
between the two curves. The difference may in part be due to tne experimental charge not belng 
quite spherical; this would caus2 fluctuations in the pressure-time curve to be smeared out. 

In any case, the theoretical curve does seem definitely to Jrop more rapidly than the experimental. 
As we nee already explained, it is very difficult to yet tne oressure at times later tnan about 
0.7 x 1077 seconds after the arrival of the shock wave, because the pressure then corresponds 

with the very complicated sequence of events that occur near tne centre of the charge after the 
main rarefaction wave has passed and the oressure is oscillating rapidly. 


The very yood agreement between the initial pressures yives one confidence that the 
variation of the shock wav~ or2ssure with radius Is roughly right. 


Acknowledgement. : 
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PRESSURE-TIME CURVES FOR SUB-MARINE EXPLOSIONS 
(SECOND PAPER) 


W. G. Penney and H. K. Dasgupta 


London uly 1942 


* * * ne * * * * 


Summary. 


Numerical step-by-step calculations have been made on the development of an underwater 
disturbance caused by the spherical detonation of a T.W.T. charye of density 1.5. The theoretical 
pressure-time curves at a distance agree safisfactorily with those observed. If P tons/square inch 
1s the peak pressure at D feet froma charye W 1b., the theoretical values of P fit the formula 


/ 
ae exp { 0.274 w/3yp } 


The experimental values at a distance for charges of density 1.57 are about 10% higher. 
The discrepancy may be due to many causes, the two malin ones being (1) the initial densities were 
not quite the same, (2) the assumed pressure and velocity curves in the spherical detonation wave 
were not quite correct, and correspond with a chemical energy release of 800 calories per gramme 
(a better value would be 1000). 


The most Interesting result of the calculation is the energy distribution throughout the 
System. in the early stages, the water surrounding the charge picks up energy very rapioly; the 
outward velocity is about 1400 metres/second. Roughly 305 of the energy of the charge has been 
given irreversibly to the water as heat by the time that the peak pressure is 1 ton/square inch. 


This paper describes an attempt to improve on the calculations of the underwater pressure 
time curves described in the report "The Pressure-time Curve for Underwater Explosions® (hereafter 
called Report "A*"). The results, however, are very much the same as before. Agreement with 
experiment Is very good, having regard to the extreme difficulty of maintaining accuracy through 
a long serles of step-by-step calculations. 


The method used !s a modification of that used before, and for brevity we shall therefore 
write this paper on the understanding that it Is to be read in conjunction with Report "A", 
Certain Improvements in the values of the velocity of sound and the shock wave variables In water 
as functions of the pressure have been made. The initia? condittons in the gas bubble have now 
been taken to be those behind the spherical detonation wave in T.N,T., derived by Taylor In R.C-178. 
Considerable difficulty was experienced In jetting a start on the step-by-step calculations, because 
the pressure and velocity gradients at the detonation wave front are Infinite. After some cogitation 
we decided that the regime shown In Figure 2 must be Fouyhly right. The guiding principle which we 
used In averaging out the infinite gradients of the detonation wave front was to keep the energy 
balanced. Strictly speaking our Initial conditions should be considered to be those of Figure 2 
rather than those given by Taylor. 


Adiabatics and shock waves in water. 

Expressing pressures p In units 1000 kgm./sq.cm., and volumes v of & gm, of water inc.c., 
it was suggested In Report "A* that the adidbatics of water passing through the state T= 20°C at 
atmospheric pressure are given by the equation 

(o + 7.82) (v = 0.6807) = 2,493 (1) 
4 reconsideration of the data of Bridgeman (Proc.Amer.Acad.Sci,, Wish.66, 185, 1931) up to 


p= 12, and some further new data up to p = 50 which he has kindly supplied have led us to adopt a 
different equation, We now use 


v(p + 3.000) 38 = 4, 166 (8 


The cece 
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The maximum error in v apparently occurs in the range 3.5 < p < 5 and is less than 2 parts 
in 1000. For pressures in the ranges .001 < p < 3.5 and 5 < p < 12 the error is smaller by a 
factor 3. At very high pressures, say 0 = 50 or more, the error may be several per cent but the 
experimental data are not at present sufficiently complete to state what the values of v are, within 
a few per cent. 


RY waves in water. 
Consider a plane shock wave in water. Suppose that the oressure on the low pressure side 
is atmospheric, Pye that the volume per gramme is vy and the temperature is 20°C. Let D, be the 


pressure and Vp the volume on the high pressure side, 


The shock wave equations are 


v= vy /(p,- oy - vA) (3) 
us J (>, - 0) (Vy, - yD). (4) 


where V, Is to be found for any soecified Po from the Hugoniot equation 


1 
mE 4 
Emerg ely * 22) Wye= %Q) (5) 

No simple exact exoression is avallable for Eo although the data of Bridgeman are complete 
enough to enable values of E, - eg to be constructed numerically for shock wave pressures up to 12. 
We stall require the solution of shock wave equations uo to much higher pressures, and extrapolation 
of his results is necessary, 


Figure 1 shows diagrammatically four polnts 4, 8, C, Don ap-—v diagram; A represents 
the initi al state of the water before it enters the shock wave, and C is the state after it has 
passed through. There are two convenient reversible paths by which the water may be taken from 
AtoC, The first is ABC; this corresponds to ralsing the pressure adiabatically to 05 and then 
supplying heat along BC at constant pressure p,, Tne second is ADC; this corresoonds to supplying 
heat at atmospheric pressure until the water reaches D, and then raising the pressure adiabatically 
till C is reached. 


The coefficient of thermal exoansion at high preesures is appreciably smaller than it is at 
atmosoherlc pressure, and Va-S Vio even at Dae 50, Is not more than two parts in a thousand, 
Consequently, the path BC is unimportant compared with AB, and AB is known from (1). In contrast, 
the route ADC involves a different adlabatic for every value of Poe Thus route ABC Is much more 
convenient for our calculations than ADC, 


From the first and second laws of thermodynamics, it follows that 
Cc 


Eze. Em p dv + Cat - o(v, - vio) (6) 
8 8 
where cy Is the specific heat at constant pressure Poe 
The leading term on R.H.S. of (6) can be evaluated accurately with the aid of (1). 
Performing the integration, and putting p, = 0, it is found that (5) and (6) lead to 


c 


i Ce = Ee 1 a i 
3 o,lv 2 v2) + Cat (v, v DG Pat 324803} — 0. 16009 Ges We 
(7) 


where v, corresponds with P= 0. 


The solution of (5) for v, given p, is most easily found by iteration. The process 


Cannot be carried far because c and the coefficient of expansion at high oressures are not know 
accurately. 


The sevee 
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The first approximation is to assume the shock wave reversible, so that in Figure 1, B and C 
are supposed to coincide. Then Y= NS and iy follows Immediately from (1). 


Now we obtain a first approximation to T,- T', from (7) by neglecting vt = V2 On LeHaSe 
For simplicity, assume that c, = 1cal./gm Then 


0.00266 = (v,- vo P, + 3+MB03) = 0.16009 0, v", (8) 


where @ Is 1, - tT, and the factor 0.0426 has arisen from expressing cal./gm. in mechanioal units 


pv, p being 10? Rome/eat cm. and v in c.c. 


Using the experimental value of the coefficient of expansion at pressure p, over the range 
-6 to tT we then get a second approximation to Yor Second approximations to U and u follow 
immediately. The Iteration process converges so rapidly that further approximations are not 
warranted by the accuracy of the experimental data. 


If p< 1, the heating @ In °C, above the adiabatic heating, is given by the formula 


O = 0,0342p? - 0.0122p" + 0.0038p” - 0,00110° + ..., (9) 


The velocity of sound in any thermodynamic state of water lying on the adiabatic through A 
is obtained by differentiation of (1). Expressing c in metres per second 


Sa = su6s (1 + p/3) 0434 (10) 


Thus, the velocity of sound in water at 20°C ana atmospheric pressure Is estimated at 
1461 m./second. This agrees exactly with the experimental value, within the limits of experimental 
error. 


The following table gives a selection of values of U, u, in = Urs Vy T, and °A for 
various Poe 


TABLE 1. 


2 in °C, U and 


Units; p in kgm. /sqecm. = 6,35 tons/square inch, WY infe.ce,, a oT 
u in m. fsecond. 

The values given in Table 1 agree well with those given In Report "A*%, except that the @ values 
have been improved, and with those quoted by Kistiakowsky and Wilson (Final report on the hydrodynamics 
of shock waves, N.D,R.C.) The temperatures given in this last report, where they differ from those 
above, are probably more accurate than those quoted here, because they allowed for the variation of 
C. with temperature. The difference never exceeds 1°C. The values of @ were not calculated by 
Kist iakowsky and Wilson, and thelr values extend only up to p= 12, 


In the step=by-step calculations described in following paragraphs, the entropy gradient 
terms in the hydrodynamic equations were omitted. Thus, the calculations were made on the assumpt ton 
that the temperature difference @ was insignificant as far as the propagation of oressure waves Is 
concerned, To be consistent throughout, we have therefore calculated U, u, ¥, ¢ behind the shock 
wave on the assumption that 8 and C in Figure 1 are consistent. Table 2 gives the numerical values. 


TABLE 2 oseee 
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The Riemann function f Is a numerical multiple of c. 


f= /- dpddv.. dv = 0.3202 c. 


This relation Is extraordinarily convenient In the numerical work because it means that c can be 
found by merely multiplying (P + Q at any point by 0.1601, 


Energy wastage in shock waves, 


Shock waves, of course, are irreversible, and it is Impossible without employing perfect heat 
engines to regain In mechanical form all of the energy belng used In me'ntaining a shock wave of 
pressure D5. The water on the high pressure side has kinetic energy, already in mechanical form, 
and In virtue of Its pressure, may be made to do mechanical work by adiabatic expansion to atmospheric 
pressure against a full resistance, The water will then be hotter than it was originally (20°C) and 
the heat excess may be termed the "wastage". The wastage per gramme of water will be almost exactly 
@ calories. Avery small correction should be applied, because the temperature difference between 
D and A In Figure 1, the true wastage, Is not quite the same as the difference between C and B, called 
6 above. However, @ has not been calculated accurately enough to justify making a correction of 
this type. 


Reflexion and stagnation pressures. 


According to the theory of sound, an infinitesimal plane pressure culse p. + p,, incident 
normally on a plane rigid wall, is reflected, and the pressure on the wall Is p. + 2p, This effect 
is usually known as *doubling by reflexion". tf the plane wall is of finite area, the pressure 
Instantaneously Is doubted, but soon falls to Po * Py because of diffraction. When the incident 
pulse Is of finite intensity, variations are possible. First, the Instantaneous pressure excess 
over p, Is not doubled, but is Increased by a factor greater than 2 according to the medium and the 
precise value of Pas Second, the mass velocity of the fluid u associated with the original pressure 
pulse may be less than, equal to, or greater than the velocity of sound ¢ in the fluid carrying the 
pulse, If u<c, the situation is described as sonic; If u>e the situation Is described as 
supersonic. Details will be found In Rayleigh, Sctentif _ c Papers V, p,608; a helpful summary, 
together with numerical examples for alr (@/ = 1.4), will be found in R.C.118 (Taylor). 


Consider now a plane shock wave In water about to Impinge normally on a finite plane rigid 
walt. The first point to notice Is that conditions near the wall are sonic up to pressures wel) 
beyond 50 (say 300 tong square inch). This may be seen from Tables 1 or 2, where c Is always much 
greater than u, The pressure at the stagnation point, I.e. the polnt at which the stream has zero 
velocity, may be calculated from the pressure and velocity In the main stream by the use of 
BernoulllI's theorem, The Instantaneous pressure on the wall may be found by Introducing a 
reflected shock wave of sufficient Intensity to reduce the mass velocity to zero. The following 


values have been computed to Illustrate how the ordinary laws of sound reflexion apply reasonably 
well in water even at enormous pressures. 


TABLE 3 ceoee 
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p, Is the pressure (10? kgm./sqacm. © 6.35 tons/square inch) behind tne Incident shock wave; 
Pr Is the Instantaneous reflected pressure, and p, is the stagnation pressure. 


The thickness of the shock waves } . 


The Admiralty records of the pressure pulses of underwater explosions (e.9-. “ood, *#ature 
of the pressure Impulse produced by the detonation of explosives under water. An investigation by 
the plezo electric cathode-ray oscillograph method", hereafter called Report "B*) all show a finite 
time of rise T of the pressure to Its peak value; the observed values of 7 range from 50 to 100 
microseconds, Even when correction is made for the finite dimensions of the gauges, It still appears 
that T measures a real effect, whose exact nature Is uncertain. 

If the time of rise is 50 microseconds, the peak pressure lags by about 7 cm, behind the 
leading edge. We have estimated the thickness of shock waves In water of Intensity less than 
1000 atmospheres, to see If T may be partly attributed to the thickness of the shock wave. 


The calculations are only rough, and follow those of Taylor and MacColl for shock waves in 
air. (Durand - Aerodynamic Theory, Vol. 3, pe218). 


Tne equation of energy Is 


2 2 
LN ei see) oe ae = m4 2 
f Fe dG: Ox ae 


dx 3 Ox x x 


The equation of continutiy Is 
puerto 
The equation of state may be taken as 
v= v, (1+a6-B p) 
The adiabatic may be taken as 
(p+ op)” = Cp 
where Po and cn are functions of 0, and Y Is constant, 


Solving the equations in a similar way to that devised by Taylor and MacColl, it Is found 
that BOs of the Change of velocity on the two sides of the shock wave occurs within the thickness T 


Ts a.u0F (u, = u,) 


ERS GB) tas 

The numerical valpes of the parameters are 

a= .00036, B= .0256 x10, j= .01006, k= .00138, y= .138, so that 
T = xf(u, - u,) 


where x = .001 If p = 1000 kym./sqecm. and x = .0106 if p = 4000 kgmd/ sq.cm. 


THUS ooece 
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Thus the thickness works out at about 1075 cm. The calculation is practically 
meaningless, except in so far as It shows that the pulse thickness is less than the smallest 
thickness for which the calculation would be a reasonable representation of the facts. 


The step-by-step calculations. 


A modification of the method described in Report °A" was used. 


The first eight steps were performed in exactly the same way as described in Report "A*. 
The course of the disturbance was followed by means of local distortions and displacements of an 
outward moving curve P and an Inward moving curve Q, {na sma)) Interval T 


oP = @ = —- 2ucT/r. 
Unfortunately, the values of T needed to follow the disturbance to 6 charge radli in about 


30 steps require val;es of 7 rather too large for tne second order corrections to P and Q to be 
inappreciable, We therefore modified the procedure after 8 very small steps to 


ap = — 2 (uct/r), 


dQ 


" 


- 2 (uct/r) 9 
where the average values were found by a two forward one backward scheme. 


Suppose that the steps up to (n - 1) are complete, and have been accepted as correct. 
The nth and the (n+ 1)th steps are then made by the Report "A" procedure. From the (n+ 1) 
values, the dP values In the nth step are corrected, by taking the average of 2uct/r in the nth 
step and 2ucr/r in the (n + 1)th step, the values in the latter case belng found at the points 
to which the ° curve had moved. Similarly, the dQ values are corrected. From the adjusted 
nth step, adjustments were then made in the (n+ 1) step, and the (n + 2) step done by Report "A°. 
A step backwards from (n + 2) to (n + 1) then gave the corrected (n+ 1)th step. Then (n + 2) 
was corrected, and (n + 3) begun. Thus every step was in fact performed three times, being 
averaged from information provided from steps on either side. it Is much quicker to make the 
corrections than it would De to take 7 one third as small, and perform three steps, because many 
of the columns do not change, and only one sheet of jraph paper Is needed for the three phases 
of one step. 


Results. 


The results of the calculations are shown in Figures 3, 4, 5, 6 and 7. Figures 3, 4 
and 5 have been given in a form that applies to a 1800 1b. charge; simple scale changes by the 
cube root law would give the corresponding curves for any other welght of charge. The oressure 
and velocity distributions in the inner regions of the bubble are not shown because the calculated 
values are not rellable. All that can be said is that In the later stages of the calculations, 


the pressure in the bubble was rapidly tending towards uniformity, and that the gas radial velocity 
did not anywhere exceed aDout 200-300 m./ second. 


The calculated shock wave pressure In tons/square Inch at x charge radi! over the range 
1<x <8 fits closely to the law 


. = 46 ,2/x 
x 


Thus P at D feet froma charge W 1b. should be 
1/3 
ps Sans exp { 0.270 w/3p } 
The pressure at 50 feet from a 300 1b, charge Is calculated to be 1940 1b./square Inch, 
compared with the experimental value 2100 1b./square Inch. (Report °B*), 
The asymptotic formula for P as D~& Is 
1/3 
Po o= 144000 W'' gD 1b./square Inch, 
Compared with the experimental formula (Wood) 


> = 120 W%*38%p 1b, /square tach 


Correcting seve. 
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Correcting this last formula to make P depend on wild the best Interpretation of the 
experimental results is obtained with the formula 


pP = 1600 w/3/p 1b. Asquare Inch. 


Since the theory cannot be relied on to within 10 of 20%, the agreement with experiment 
is quite satisfactory. 


An approximate calculation of the pressure-time curve for a 300 1b. charge at 50 feet, 
based on Figure 5, gives results agreeing very closely with the experimental data, as shown in 
Figure 6, Figure 7 shows some of the pressure ana velocity distribution curves at various steps. 


Energy distribution throughout the system. 


Although the close agreement between the theoretical and experimental pressure-time curves 
ts extremely satisfactory, the accuracy of the experimental curves was never in question. 


The theory, however, does provide valuable new information about the enerjy distribution 
throughout the system. 11 that is known experimentally Is that roughly one-quarter of the 
chemical energy of the charye resides in the pressure pulse at the stage where the peak pressure 
is down to 1 ton/square inch. (See, for example, Wood, Report "8"), 


At any stage In the motion, tne energy may be sud=divideo as followsi— 


(1) Kinetic energy of water (T)) 
(2) Potential energy of water (V4) 
(3) Irreversible heating of water, or wastage (w) 
(4) Kinetic energy of gas (T,) 
(5) Potential energy of gas {v,) 


Of these, (1) and (4) call for no comments; (2) merety represents the eneryy stored as 
compression In tne water; (4) also may be regarded as energy stored by comoression, but the 
ultimate seat of energy here Includes chemical as well as pressure energy because the chemical 
composition of the gas varles along the adlabatic; (3) is the ordinary wastage associated with 
shock waves (an account of the wastage assoclated with shock waves In water is given earlier In 
this paper). 


The following table has been constructed to show the energies of the five categories when 
the shock wave front Is at x-charge radi} (initial density of charge 1.5), the units being calories 
per gramme of T.N.T. 


Tne sum of the energies along any row should, of course, equal the total energy of the 
explosive (here taken to be 800 cal./gm,), but because of the difficulty of maintaining accufacy 
in the inner regions of the bubble, the values of T, and Y, in the latter stages are only rough, 
The first three columns, however, are reasonably accurate, 


Figure 8 shows how the wate~ acquires useful eneryy (i.e. T¢ v) as a function of x, 
The remarkable feature of the cutve Is the extremely rapid rise near the beginning (x= 1). One 


might oes 
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might regard the thin layer of compressed water as a casing; certainly its velocity and energy is 
comparable with that of a steel case surrounding a similar charge, At x = 1,088 charge radli, the 
water is compressed from its original thickness .088 to .056 and its average velocity Is about 

1450 m.Jsecond, 


The additional wastaye between x = 6,08 and x = 55 is only 66 cal./gm. Thus we have that 
the energy wastage at the limit of damaging range Is 30% of the chemical energy, and is therefore 
roughly equal to that of the energy of the pulse at the same range. 


It will be noticed that the total energy of the T.W.T. Is taken as 600 cal.fgm ‘This is 
perhaps on the low side. Jones, in R.C.212, estimates the chemical eneryy released per gm, of 
T.N.T. at loading density 1,5 gm./c.c. to be 1090 cal./ym, However, the adiabatic used by Taylor, 
R.C.178, was only approximate, and the total energy per gam., assuming Taylor's pressure and mass 
velocity curves together with Jones’ adlabatics, R.C.212, works out at 800 cal./gm. A recalculation 
of the spherical detonation waves in TN.T. for loading densities 1.5 and 1.0 Is In progress, and a 
report on the results will be made shortly. 


The energy of the disturbance at the end of the step-by-step calculations Is 700 cal./gm. 
Most of the errors certainly occur in the Inner reglonse 


Radius of bubble and velocity of interface. 


Table 5 gives the radius of the bubble in cm. at times t microseconds, for a charge 
initially 50 cm, radius. The radial velocity tn metres per second Is also given. 


TABLE 5. 


Pass fre fee fe a 
efter Sriac eesti 


The overtaking effect and time of rise. 


As mentioned earlier, the records of underwater explosions aopear to show a finite time of 
rise T to the peak pressure. If this effect Is reat (apparently there Is stil) some doubt about it), 
the origin of T might be sought in any of the followings— 


(1) the effect of the case, 

(2) detonation not spherical, so that the gauge records a series of elementary 
oulses bullding up to a maximum, 

(3) change of phase of water. 


The following table indicates that (1) and (2) taken separately are unlikely to provide the 
full explanation of T. We have calculated a distance D In terms of the shock wsve radius R cm. for 
a charge of Initial radius 50 cm, At the instant that the spherical detonation wave reaches the 
surface of the charge an expanding sound pulse in the water has Its leading edge at 50+ D; OD is 
then chosen so that the shock wave overtakes the sound pulse at radius R. 


TABLE 6. 


——— 


Thus, If the sound wave had a start of 500 microseconds over the shock wave, the sound pulse 
would just be masked by the shock wave at distance 304 cm. Adjusting the scale to a 300 1b. charge 
gives the start as 2% microseconds, To give an observed T of » Say, 50 microseconds requires that 


the sound wave must be given a start 320 microseconds. This seems too large to be attributed to 
the effect of the case or non=spherical detonation, 


Discussion .... 
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Discussion. 


The calculatlons described above agree better with the observations than did those described 
In Report "A". The pressure¢time curve falls away much more slowly with time, and It seems Ilkely 
that the theoretical curve is monotonic. Probably the most Interesting feature of the present 
calculations is the energy distribution of the disturbance In the early stages. About 65% of the 
energy Is carried by the water by the time that the shock wave front has reached 6 charge radil; 
41% Is useful work and 2% Is unavallable, 


Simllar calculations could be made on other, more powerful explosives, but In the meant ime 
it seems clear that the useful work given to the water wil) Increase with the chemical energy of the 
explosive, but less rapidly than llnearly because the wastage goes up faster, It seems most unlikely 
that an explosive with great energy release will cause energy to be dissipated In the first few 
charge radii so rapidly that Its "damaging effect*® (or more precisely, the useful work left In the 
water) will be less at greater distances than that given by a less powerful explosive, 


Measurements of the pressure-time curves at a distance cannot be used to determine the very 
early stages of an explosion, because of the overtaking effect, described earller, It seems safe 
to say that whatever occurs within 00 microseconds of the detonation wave in a 300 1b, charge 
reaching the surface of the charge Is completely undetectable by measurements at 50 feet. The 
question arises whether the best results at 50 feet might be obtained by preparing the explosive 
in such a way that the pressure does not build up to Its maximum unt!1 100-200 microsecands after 
the detcnation wave has reached the surface. In other words, If aluminium Is present tn an 
explosive mixture for use at a distance under water, there may well be an upper and a lower limit 
to the size of aluminium particles required. 


Description of diagrams. 


Figure 4. Two reversible paths ABC, ADC by which water may be taken from the Initial 
state to the final state of the shock wave transition, 


Figure 2, The pressure and velocity distributions 10 microseconds after complete 
detonation of a 50 cm. sphere of T.N.T., density 1,5, surrounded by water. 
Shock wave at 54.4 cm; Interface at 51.6 cm 


Figure 3. The final version of the 17 step. The two forward, one backward procedure 
gives a tripling of each P and Q curve, but the scale of the diagram Is not 
sufficlent to show all the curves. The & curve Is practically the same 
in all cases; the P, curves vary by about 20 m./second, 


Figure 4. Velocity distribution curve after 24 complete steps (t = 1.25 x 1077 seconds). 


Figure 5. Pressure distribution curve after 24 complete steps, 
Figure 6. The pressure-time curves for a 300 1b, charge at 50 feet. €E experimental; 


T theoretical. The accuracy of the theoretical curve Is not high since It Is 
obtained by an extrapolation of uncertain validity. 


Figure 7. Pressure and velocity distributions at various times t In 10 seconds fora 
charge of Initial radlus 50 cm, 


Figure 8. The useful work and the wastage given to the water In cal./gm. of T.N.T., a8 
a function of the radius of the shock wave x, expressed In charge radlil. 
(A 300 1b. charge, density 1.5, has a radius approximately 11 Inches). 
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Summary 


Calculations have been made of the forms of the pressure-time curves produced by the detonation 
underwater of line charges, on the assumption that the line charge is equivalent to a number of 
elemental sources of pressure such that the pressure due to unit element at a point distant r from 
it is of the form Poe okt. 

F 

The pressures produced by straight line charges at points on the perpendicular bisector and 
also on the axis of the charge in the direction of and in the opposite direction to that of detonation 
have been evaluated. The pressures produced by a circular arc and by an arc of an equiangular spiral 
of charge at the centres of the circle and spiral respectively, have also been calculated, Numerical 
examples have been considered for an arbitrary value of k — 60,000 sec. + and the results have been 
compared with experimental values obtained using Cordtex charges. 


{t is concluded that the theory predicts to a first approximation the form and relative 
magnitudes of the pressure-time curves produced by line charges. It has been noted that the theory 
is limited by tne uncertainty in the values to be assigned to Py and k in any particular case and by 
the breakdown of the simple acoustic approximation at points near the charge. 


Introduction 


The purpose of this note is to attempt to calculate by approximate methods the distribution 
of the pressure effects produced by the explosion underwater of line charges. 


General 


The analysis used may best be illustrated by considering the special case shown in Figure 1, 
where the line OL represents the charge and 0 is the point of initiation. |t is assumed that each 
element of the charge length &x produces at a point p distance r from it a pressure 


p(t) ox 
—— 


where p(t) fs a function of time measured from the instant at which the element was detonated. it 
is also assumed that the pressures are simply additive. 


Let c, be the detonation velocity of the charge 


1 


co be the velocity of sound in water 
> 
where cy cy 


Let t = 0 at the instant of detonation at o 


Consider the effect at time t at a point P due to an element dx distant x from the end of the charge 
at which detonation commences. The element dx produces no effect at P until a time. 


The eevee 
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The pressure at P due to this element is thus 


p= 0 tic ach ee 
et eS) 
= t-re-r r 
Digest) tox ie tan) 
r cy Co ca co 


The total pressure at P will be the integrated effect of all the elemental sources. until some 
time to there will be no effect at P. at any instant after this time all the elements do not 
necessarily contribute to the pressure at P. tet the effective elements lie between , and 1., 


2 
where ry and 1, are the roots of 


EAA ey cae ot 
ee C5 


Then for this condition the pressure at P is 


) 
ax 


= fei SPC 
p=) as cy 4 
y 


After some later time t the whole line will be contributory at P and the limits of integration 
will be 2L and 0 respectively where 2L is the total length of charge. 


r 
c 


Special Cases. 


Some particular cases of line charges will now be considered, In all these cases the 
function for pressure has been assumed as 
= —kt 
Pit) epee 


and the total length of line is 2L. 


Rectilinear Charges 


Case 1 Pon the perpendicular oisector of OL. (Figure 1b). 


The first effect at P is produced by the element at xX where XP is norma) to the wave front 
at P and 


sin@ = “2 
eh 
For this case _L-d tan@ d sec @ where d (e Wite distance of P from the 
Sinan Sa nearest point of the charge 
4 25 
ize (2 + a2)4 
t i= + a 
1 2 
The values of 1, and 1,-are given respectively 
c [ 2 2 A pe a 
Le, — tcS = bce? ot (ef opt] tort <tet 
= eal i 2 2 1 i 2 ° 1 
\ Ge ks | + 
1 2 
with the conditions that Ie, 7 0 
1, 7% a 


WHEN ..eeee 
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when t = t, UA aur 
r is given by 
r=s[(L-x)?2+ 43? 
The pressure at P is thus 
p= 0; foro<t<t, 
jektt moe Sey fort. <t¢t. where 1, 70 
pep, Ie Sia ee dhe © 1 if 
to) ane caspases 
1 VF 2b 
1 r 2 
Ete ree 
~ at ae 4 oa fonat, scat 
PASne A 1] dx or 1 


Case 2. Pon the axis of the charge in the direction of detonation (Figure 1c) 


perenen t ae 
% 
t = 2h 
1 C 
2 
las ab fort, <t 
He ya et fort «t<t 
om c) Atm CII 


(albu s3 Gs 
The pressure at P is 
PaO ForiOsc tecaite 


Shs Mee ‘ 
Se desc 
Patol eee dx forte! GateGat 


1 
1 tf 


x r 
okt =2 = Ly 


c c 
= cx fort ,<€t 
Piz Pel eeu te et ge 1 
) r 
Cas? 3. Pon the axis of the charge in the opposite direction to detonation (Figure 1d) 
ee 


- 4 
1s = 
oc 


1 ee 
& o 
= Op fort, <t 
SS < 
thoes heat t, fort, <t<t, 
Cc 
2 c, 
[= Gar be 
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The pressure at P is 


Pi=Nor FCO Shi cnE 


veae is c <ite 
1 2 ox for to t t 


Sfhayes 2 cele 
= pee ei ae fort. Zt 
Pp Po 40 ——$——$——_=- 1 


2, Curvilinear Charges 


Case 1 Circular arc of charge, P at the centre of the circle. 


This case is shown in Figure 2(a). Using the same notation ag before, it is seen that 


<2 
ars 
ly FG 
Dee eR (t - t,) font She ty 


In this Case the equation for the pressure at P may be integrated directly to give 


p= 70 Sh 
a) a p= kit = +4) } LI 
mre 
= k —k(t = < 
P= pyc, ane k(t = to) Cs 
pS a 
kr * 


Case 2. Charge forming part of an equiangular spiral, P at the centre of the spiral. 


This example, given in Figure 2(b) is that for which all the elements start to be 
effective at p at the same instant. 1f S be the length along the charge from the point of 
detonation 0 to some point Q and pgQ=r 


s Y, r 
Hy 
and the charge is thus part of an equiangular spiral. 


Putting FS equal to the distance from P to the point of detonation, 


The pressure at Pp, after integration has been performed is 


P= ccevee 
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-5-+ 
= -k(t - t_) 
Piste ise Gh o’ log c.t 
OL fe} t.<t 
= ie hs 


Numerscal Values 


The forms of the pressure-time curves for these cases have been evaluated for particular 
Values of the various parameters, For all cases 


Cans 20,000 ft./sec. 

cy = 5,000 ft./sec. 

Ze cents 

k = 60,000 sec.*, p, = 5,000 1b./sq.in. 


For cases Ai, A2 and A3 
dia 5 ft. 


For cases Bi and B2 


= f; 
ie 5 ft. 


respectively. 


The forms of the various pressure-time curves are shown in Figure 3(a), (b), (c) and 
Figure 4(a) and (b) together with curves observed using piezo electric gauges and Cirdtex charges 
of the same lengths and in the same positions as those in the calculations. The integrals for 
CaSes Ai, 2 and 3 were computed numerically. !n Figure 3 and 4 the time after detonation to the 
arrival of the wave is assumed to be the same for the observed curves as for the calculated curves, 
since these times were not observed experimentally. For underwater explosions of Cordtex, the 
Values of cy and cy correspond approximately with those used in the calculations. 


{t is not known what values should be taken for the pressure Poe at 1 foot from the explosion 
and for k which determines the rate of decay of the shock wave pressure, in order that they may 
correspond with the Cordtex. jt is seen, however, that for values for Py of 5,000 1b./sq.in. and 
for k of 60,000 sec. }, the relative shapes and magnitudes of the calculated curves are not very 
dis-similar from those observed. The agreement is even better than is apparent in Figure 3 and 4, 
Thus the sharp cut-off of pressure in Figure 3(b) and 3(c) which occurred about 0.6 milliseconds 
after the start of the waves was due to the reflected tension wave from the free surface. The high 
peak pressure in Figure 3(c) was probably due to the added effect of the detonator. The gradual 
rise of the pressure shown in the record in Figure 4(b) was almost certainly due to the effect 
of the finite size of the gauge. if it is assumed that the actua) wave reaching the gauge was 
shock-fronted and approximate calculation estimates the true peak to be about 4,500 1b./sq.in. instead 
of just over 2,000 1b./sq.in.s which is more in accord with theoretical predictions. 


From Figure 3(a), u(a) and 4(b) it is seen that relatively small alterations in the shape 
of the charge produced considerable changes in the forms of the pressure-time curves. For these 
Cases, however, the impulses were not very different and it is therefore possible that the damage 
produced by theee charges would not be very dependent on the shape of the charge, 


The report therefore indicates the extent to which the forms of the waves produced by line 
charges can be predicted to a first approximation, by the simple theory given in this note, It is 
to be noted, however, that the use of the theory is limited by uncertainty in the choice of values 
for Po and k. Further, the effects near to the charge will not be represented by the simple state 
of affairs assumed in the theory since the finite amplitude of the waves will result in their 
interaction in a more complicated manner than for waves of acoustic intensity. Thus, although the 
acoustic approximation may be valid at points more remote from the charge, the form of the waves 
reaching such points will have been determined to a certain extent by the condition obtaining near 
the charge. 
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(D) P on the axis of the charge, Sft.from the charge in the 
direction of detonation 
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(C) P on the axis of the charge, Sft. from the charge in the opposite 
direction to that of detonation 


Fig.3. PRESSURE-TIME CURVES FOR STRAIGHT LINE CHARGES 5ft. LONG. FULL 
CURVE CALCULATED FOR Po=5000LB/SQ.IN, K= 60,000 SEC, DASHED CURVE 
OBSERVED FOR CORDTEX. TIME AFTER DETONATION OF THE DASHED 
CURVE ASSUMED THE SAME AS FOR THE FULL CURVE 
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(8) Circular arc of charge, radius Stt. Pat the 
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(b) Charge forming arc of an equiangular spiral. P at the 
centre of the spiral Sft. fromthe nearest point of 
the arc 


Fig.4. PRESSURE-TIME CURVES FOR CURVILINEAR CHARGES Sft. LONG ih 
FULL CURVE CALCULATED FOR Po=5,000 LB/SO.IN.. K =60,000 SEC. 
DASHED CURVE OBSERVED FOR CORDOTEX. TIME AFTER DETONATION 


OF THE DASHED CURVE ASSUMED THE SAME AS FOR THE 
FULL CURVE 
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PROPOSAL AND ANALYSIS OF A NEW NUMERICAT, METHOD 


FOR THE TREATMENT OF HYDRODYNAMICAL SHOCK PROBLEMS 


Summary 


A. The differential eenieeloats of (compressible, non-viscous, non- 
conductive) hydrodynamics are of a not too complicated type as long as the 
motion is continuous and isentropic. It is knovm, however, that almost all 
hydrodynamical setups cause a development of discontinuities, so-called 
shocks, sooner or later. These shocks almost never remain "straight", and 
as soon as they are "curved" or intersect each other, isentropy ceases. The 
mathematical problem then becomes one of a most unusual and altogether in- 
tractable type: A differential equation in a domain with an unknown, "free", 
boundary along which "supernumerary" boundary conditions hold, and in many 
cases the coefficients of the differential equation will themselves depend on 
the (unknown) boundary. 

A rigorous treatment of such a problem is only possible in a few 
exceptional cases. The direct computational procedures for its treatment 


are very complicated and lengthy. 


B This report suggests a computational treatment which corres- 
ponds to the original differential equations, completely ignoring the possi- 
bility of shocks. Arguments are brought forth to support the view that this 
computational treatment will always produce (arbitrarily) good approximations 
of the rigorous theory which allows for shocks. That is, even when shocks 
are formed, and the motion ceases to be isentropic. 

It is shown that the suggested treatment corresponds to a return 
from the continuum (hydrodynamical) theory to a kinetic (molecular) theory, 


using, however, a very simplified quasi-molecular model. The essential sim- 
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plifications are these: 

a) The number of molecules © N("Loschmidt's number" for a mol of 
substance) is "scaled down" from its actual value ~ |IC ay to sizes of 
(Om to [OO 

b) The intramolecular forces are correspondingly "scaled up" so as 
to approximate the correct hydrodynamical situation. 

c) The intramolecular forces are essentially simplified in various 


other respects. 


C. The envisaged computations appear to be well suited to be effi- 
ciently carried out on punch-card equipment. The use of such equipment was 
made available for the exploration of certain problems of this type by the 
Ballistic Research Laboratory of the Ordnance Research Center, Aberdeen, 
Maryland. A number of these problems have already been solved, under the 
direction of Mr. L. E, Cunningham of that laboratory. Among these three 
"experimental" problems are discussed in this report. They lead to very 
encouraging results. 

Specifically: In one-dimensional shock problems values of N-~ 14 
or 29 (that is, 14 to 29 "molecules") and a At about one-half of its maxi- 
mum allowable value (for details cf. section 18) produced results of highly 
satisfactory precision. The duration of the computations, including their 


setting up, was very reasonable. 


D. The report contains an analysis of these computations, and of 
the main viewpoints in connection with further computations of this type. 
Physical aspects of the problems, like the hydrodynamical theory of the prop- 
agation of disturbances (sound) and the conservation of the total energy as 
well as its partial "degradation" by shoeks, play an important role in dis- 


covering errors and keeping the equipment under control. 
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The possibilities of extending this method to spherically symmetric 
problems, and to "truly" many-dimensional problems, are discussed. 
It is proposed to treat in the future various problems concerning 
the development, interaction, reflection, refraction and decay of shocks, 


by this method and its extensions. 
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Sats The considerations which follow apply to any gas or liquid 
in which compressibility is taken into account, but viscosity and heat con- 
duction are neglected. From the point of view of gas dynamics such a sub- 
stance is conveniently characterized by its caloric equation of state, which 
specifies the internal energy UJ as a function of two characteristic param= 
eters, preferably of the specific volume y and the specific entropy Ss 3 
(1) Om Ss) 


Then the density Q is 
| 
(2) Sa a eee 


Vv 
and the pressure p and temperature ae are given by the eauations 
(3) Pie eS |, Siege Soke 
ov os 


The equations of motion will be stated in the Lagrange-ian form, 


for the main part of this discussion one-dimensionally. Then each elemen- 
tary volume of the substance is characterized by a label q, its position 
being X at the time at , rhe purpose of the equations of motion.is to de- 
termine % as a function of @,UC. 
(4) me ane) 
It is convenient to choose the label a in such a manner that the substance 
contained in the interval “A, a+ da has the mass cL.@ . T.,e. that the 
“density in the label spacet' is identically {, This being understood, it 
is immaterial whether the label @ is also the position yx at some "initial 
instant" t A (which is frequently the case) or not. 

With the above convention concerning the label, the specific volume 


Vv is simply given by 


x 


(5) y 402 


(7 
e 


The conservation of momentum states that 
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a ?.) 
(6 Dex 2 -y (28) 
+ 
i.e. by (3) and (5) 


(7) te Spe eee 
oC Mea ie \ /S 


The conservation of energy, on the other hand, gives a relation which is 


easily transformed with the help of (3) and (7) into 


(3) oh See 
Wie 


In all these equations q@ i 6 are the independent variables. 


§2. Equation (8) implies that if S is constant at some initial 
instant € = ee , then it stays constant at all times, and so (8) can be 
replaced by 
(9) < = Se = Constant. 

This principle of isentropy then makes (7) the sole equation governing the 
motions, and renders the problem amenable to analytical or numerical treat- 
ment. 

It is essential to realize that the decisive equation (8) expresses 
the conservation of energy, and nothing else. MThus, although it involves 
the specific entropy alone, it expresses nevertheless the first, and not the 
second law of thermodynamics. Furthermore, since (8) secures the constancy 
of specific entropy along the world line of each elementary volume, the sec-- 


ond law, which requires that specific entropy should never decrease along 


that line, does not now impose any additional restriction. 


§3. It is well known that a motion satisfying (7), (8), develops 
sooner or later a discontinuity of the first derivatives ox ; ax . More 
On Pes 
precisely: apart from exceptional and degenerate cases, no solution can be 
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6 
continued beyond some finite ft = U, , and the singularity at this t. 
ox Ohe 
sets in by ; x becoming infinite. At the next instant y 
Oat FalGenes 


can only be kept one-valued by permitting first-order discontinuities in 


exe Ox 
Da ee 


It has been established experimentally that this strange behavior 
of the solutions corresponds to a certain extent to the facts: In typical 
situations like those referred to above, real substances do indeed develop 


"discontinuities",- i.e. rapid changes of the specific volume v = Ox and 
Da. 


of the velocity V = 2x , Which are discontinuities in the same approxi- 
mation in which viscosity and heat conduction can be neglected, and are 
called shocks. These shocks appear even if the state of the substance at 
the initial instant t = os was perfectly continuous, they develop as far 
as can be observed at the times t+ = te at which the solution of (7), (8) 
becomes discontinuous, and as far as the motion stays continuous (7), (8) 


seem to be satisfied. 


§4. After shocks have formed, the motion is still governed by 
the same conservation principles .(of momentum and energy) on which (7), (8) 
are based. Hence (7), (8) still hold in the regions of space which contain 
no shocks, but beyond this it is necessary to apply those same conservation 
principles to the shocks themselves. 


Let a shock at a = &(t) be formed by the states 22 SoS 
a. 


ax = WW) = V : 2 Sy iC at @ = G— Oand ox = Wie V2 


ul 
é 

+ 
e) 


ali at The sition of 
zy Se heSe, U a a 


2 


ee 


the shock is x = x(2(+), t) jits velocity ip) AX, Ae ital 


aeon tes 


the flow of mass across the shock. Then the conservation theorems of mass 
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(which is an identity in the Lagrange-ian form, and was therefore not re=- 
ferred to explicitly in §1, but which is better made use of now), momentum 


and energy give sucoessively 


(10) ete A ie eaies | ee eee 
: 7 Sy waaay 


y 


(11) RD ae eo) 


> TPF GS iY 


Equations (10) are based on the conservation of mass and of momentum alone, 
(11) expresses (with the help of (10)) the conservation of energy. These 
are the familiar equations of Rankine and Hugoniot. 

It is well know that (11) (together with (1), (3) for Pee 
Ss) U, and Pa ee SY ; oe ) necessitates in general that 
S; + iS ; As was shown by C. Duhem, H. Bethe, and H. Weyl, for the 


most important equations of state (1), 
(12) sign (5,-S,) = sign Cp.- pi) sign (tin (10) . 
Now the second law of thermodynamics forbids a decrease of the specific en- 


tropy S along the world line of each elementary volume; i.e, it requires 


(13) Sian Saag ‘= Siam al Ss) 


hence by (13) 


(14) Sign \tiwllod) = sign Cp.- pi) 
Summing up: When a world line crosses a shock, the specific en- 


tropy iS changes, and the second law imposes the additional restriction (14). 


§5. The general motion is thus described by (7), (8) in the re- 
gions where the derivatives are continuous, and by (10), (11) with (14) on 


the discontinuity surfaces. Accordingly the specific entropy S$ is con- 
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stant along each world line while it moves in the regions of continuity, 

but it undergoes a discontinuous increase each time a surface of discontinu- 
ity is crossed. The second law of thermodynamics is automatically fulfilled 
in the former regions, but it excludes 50 per cent of the solutions at the 
latter surfaces. 

This is a most remarkable, and at first sight rather paradoxical 
violation of Hanckel's principle of the "conservation of formal laws", but 
the investigations of W. Rayleigh, G. I. Taylor, and R. Becker on one hand, 
and extensive experimental material on the other, make it impossible to ques- 
tion these conclusions. 

From a mathematical point of view the emergency of shocks, and the 
addition of (10), (11), (14) to (7), (8) represent an extreme complication. 
Without shocks there is usually isentropy, i.e. (8) implies (9), and (7) can 


be written as 


ax >) Ox 
15 CR Pee pee Ree - =e 
ae Ot a P ( = | 
where 


(16) Bail ues ee, oe 

may be considered a known function. Then (15) is a hyperbolic differential 
equation of a familiar type, and can be treated adequately by Riemann's 
classical method of integration. If shocks are present, however, the situ- 
ation changes radically. They act as unknown boundaries for the regions in 
which (7), (8) hold, and along these boundaries (10), (11), (14) must be ful- 
filled. The latter are easily seen to contain twice as many equations as a 
natural boundary condition (on a known boundary) for such a differential 
equation should, and this superdetermination along the unknown boundary 
should lead to its determination. Such problems with a "free boundary" are 


difficult at best, but in the present case an additional difficulty inter- 
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venes. The change of specific entropy S at the shock q = G& (4) depends 
by (11) on the trajectory of the shock, i.e. on the unknow boundary a: a (). 

Now 3 enters explicitly into the differential equation (7). 
Hence we are dealing here with a "free boundary" problem where the coeffi- 
cients of the differential equation themselves depend explicitly on the un- 
known, "free", boundary. 

Problems of this type have never been treated in any generality, 
and appropriate analytical methods to deal with them are entirely unknown. 
Rigorous solutions have only been determined in very special cases, where 
the trajectories of the shocks could be guessed by other means, up to a few 
numerical parameters. Analytical approximative methods (e.g. expansions) 
or numerical ones are also very difficult and restricted to very few special 
cases. Furthermore the approximative numerical procedures do not seem to 


lend themselves for problems of this type to efficient mechanization. 


§6. The idea which will be discussed here is to treat the contin- 
uous case (7), (8) with an approximative, numerical method, and to ignore the 
possibility of shocks, (10), (11), (14). 

In order to diagnose the character and the implications of this 
idea, let us consider a special case of the equations of state (1), (3), 
which is itself of not inconsiderable practical importance. 

Assume that there exists an absolute relation of the form 
(17) p= pay) 5 
where P.(v) is a known, fixed function. That is that the source of (17) 
is not (16) and (9) -- that the differential equation (7) assumes the form 
(15) without (9), i.e. without isentropy. Owing to (3), (17) can hold oniy 


if the caloric equation of state has the form 


(18) = Wi Gd) = Uae + Ves) 
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in which case (3) gives 


ae ov aie dv = Pe (v) Y 
(19) z 
Se RD EE 1 oy Gece r 
gabe ah ig aaee is = 7; (S ) 


I.e.: In order that the pressure Pp be determined by the specific 
volume v alone, the same need not be true for the internal energy Ww but 
U must be the sum of two terms ies 1h. of whi.ch De depends on the 
specific volume v alcne and ee on the specific entropy AS alone -- and 
there can be no "interaction energy" involving v, S together. 

In many compression and shock provlems involving solids and liquids 
those can be treated as such "interactionlcss" substances. 

In this case the specific entropy iG disappears from the differ- 
ential equation of the continuous case, which assumes the form (15), and 
also from the shock conditions (10), (14). These equations are sufficient 
to determine the variation of x, Vv, P, 3 i.e. the visible motion of 
matter and the mechanical forces acting upon it. They depend only on the 
Oe term of the inner energy U (cf. (18)). oa oy Buel Se TT’ come in 


only in (11), which becomes 


y t = or = ey area 
Re 7 Zee 3 (piv Pal (v7 va) ‘ (gba eee | 
(20) ‘ 
= P, +p.) (v,-v2) 
= iG ea jee i: { b dv 
V, 


Thus (8) is not needed in the case of continuous motion, and (11) 
is not needed in the case of shocks. However (8) and (11) express the con- 
servation of energy, so we see: For an "interactionless" inner energy (18) 
the visible motion and the mechanical forces can be determined by themselves, 


without using the conservation of energy. 
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The latter then determines § TT by (8) and by (11), i.e. (20), 


respectively. 


87. wc. 2 UG) is the potential energy, ey a= eh (s) 
is the thermic energy. The total energy is made up of the kinetic, the 
potential, and the thermic energies. Since the total energy of the entire 
substance is conserved, and since in the case of continuous motion the thermic 
energy is conserved in each element by (8), so in this case the kinetic plus 
potential energy of the entire substance is conserved too. In the case of 
shocks proceed like this: Let the shock be oriented in the direction of the 


flow of substance, i.e. Ml >O,. Then ‘Si a S by (13); hence 


Ome bie Cee All sides of (20) are hence positive, and so the last 
expression in (20) necessitates V, > Vy ( b= po tv) is usually convex 
from below as a function of v). (10) now necessitates b, <p, . Since 
the thermic energy increases in each element by the above, the kinetic plus 
potential energy for the entire substance decreases. 

So we see: If the thermic energy is left out of account, then the 
conservation of energy is still valid for the continuous motion, but it is 
replaced by a loss of energy for shocks. 

This explains the apparent conflict between the mechanical conser- 
vation of energy and the principles of thermodynamics in the earlier forms 
of the theory of shocks. 

According to the above, this loss of energy is better described as 
a degradation of energy. The specific degradation of energy (i.e. per unit 
mass) is 


(21) Ve eee OR een © ee 


Sika *%* 2 wx | 


the rate of degradation of energy (i.e. per unit time) is 


(22) ae bol a a 
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(21), (22) must be evaluated with the help of (10), (20). 


§8. In carrying out numerical approximations of the hyperbolic 
differential equation (15), the continuous independent variables By it must 
be replaced by discrete ones. For various reasons it is advantageous to 
carry this out in two successive steps, and to begin by making a alone dis- 
crete. One of these reasons is that @ is really a discrete quantity,which 
was made artificially continuous by the classical transition from the kinetic 
theory to the continuous, hydrodynamical one: the elementary volumes of the 
substance, for which q, is a label, should be naturally discrete entities. 
Thus the label O& is "naturally" discrete, while the coordinates x, tare 
"naturally" continuous. (Note that in this setup the Lagrange-ian form is 
preferable to the Euler-ian, since the latter deals with at only, without 
Ca) Making Q@ discrete, and leaving x,t continuous, has therefore a 
certain physical meaning, and this will turn out to be very helpful presently 

Accordingly, let @-run over a sequence of equidistant values, 


which may as well be normalized so as to be the integers: 


(23) aa= Soyo -2, =. 0, Ks Re Gas 
It is also advantageous to write for x 

\ 
(24) eae (oie ce.) = Xa) 


The hyperbolic (partial) differential equation (15) can now be replaced by 


the approximative system of (total) differential equations 


(25) d* x, 
iene 


Po = elie) mt pe (See = eae 


§9, It is an essential circumstance concerning the equations 
(25) that they are not only mathematical approximations of the rigorous 
Pp 


equation (15), but also the rigorous equations of another physical system, 
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a 
which is a physical approximation of that one underlying (15). Indeed, 
the system (25) is that one of the equations of motion of an ordinary (point) 
mechanical system with the coordinates .., 


and with the total energy 


Sent olga ae = 
(26) 2 2 (S3*) ee Grae 
at 
a a 
This is a system of mass points Nos. ..., -2,-/, 0, |, 2 .++ the point 


No. @ having the coordinate Ney jhe mass by and any two neighbors X,., 
and ie being connected by a "spring" which has the potential energy 
We = U, (Wy) when is Leneth 2s) Va Y= 
Now this system of "beads on a line, connected by springs" is 
clearly a reasonable physical approximation of the substance which the hydro- 
dynamical equation (15) describes. It corresponds to a quasi-molecular de- 
scription of this substance, where the mass ascribed to one "bead" (i.e. the 
one elementary volume) is the mass of a "molecule". We chose to treat this 
as the unit mass, but it may nevertheless correspond to any desired real mass. 
Clearly this is not the "true'' molecular description of the substance: For 
any workable computing scheme the number of these "molecules", i.e. of ele- 
mentary volumes, will be much smaller than the actual number of molecules. 
Thus if a gram-mol of a real substance is considered, the true number of 
molecules in it is Loschmidt's number N ~ 6 . | 07? while fora 
practical computing scheme some number of "molecules" JV between 1!0O and 
{ © Owill be appropriate. However, the actual value of Loschmidt's nun- 
ber N_ never figures in hydrodynamics; all that is required for the validity 
of (15) is that N should be a great number. The actual N ~ 6: /0 - 
is certainly great, but much smaller numbers NV may already be sufficiently 


great. Thus there is a chance that Nw~ (0* will suffice. 
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So the replacement of (15) by (25) amounts to the introduction of 
a quasi-molecular description with a Loschmidt number N chosen for comput- 
ing purposes, and therefore much too low. Reality is not (15) either; it 
is molecular with the correct Nw~ 6: 107? . Hence (25) is an aecept- 
able approximation if this "scaling down" of NV from 6. tors to the 


value used, say lO* is acceptable. At this point two more remarks are 


) 
in order: 

First: This "scaling down" of N requires a corresponding "scal- 
ing up" of the "intramolecular forces", to produce the correct hydrodynamical 
forces. This has indeed been done: The potentials in (26), i.e. the forces 
in (25), were chosen so as to approximate just the correct forces in (15). 

Second: The actual intramolecular forces are of course much more 
complicated than those of the simple "beads and springs" model used in (25), 
(26). However, the classical derivations of hydrodynamics from molecular- 
kinetic models have established-that these more subtle details of the intra- 
molecular forces are immaterial for this part of hydrodynamics: It can be 


derived from the "beads and springs't model just as well as from one where 


those details are taken into consideration. 


§10. The above considerations make it plausible that the system 
(25) is a good approximation of the hydrodynamical equation (15), even for 
moderate values of the number of elementary volumes NM . The minimum size 
of N which will give acceptable approximations must, of course, be deter- 
mined by effective computation, and it may vary from problem to problem. We 
expressed above the surmise that values between IO and [00 will usualiy 
Suppace. 

All these considerations are, however, only plausible as long as 


(15) describes reality without any further complications, i.e. in a continu- 
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ous motion. When shocks appear, the situation seems considerably less 
favorable. These two remarks suggest themselves immediately: 

First: In the presence of shocks the real motion is not described 
by (15) alone, but by (15) together with (10), (14). Now while (25) is 
clearly an approximation of (15), it is not at all clear whether it is also 
one of (10), (14). 

Second: Actually there are reasons to expect that something must 
go wrong with this latter approximation. Indeed, we saw in §7 that the 
total kinetic plus potential energy is not conserved in hydrodynamics when 
shocks are present, but that it is continuously degraded (i.e. decreasing) 
according to (22). On the other hand the expression (26) represents pre- 
cisely the total kinetic plus potential energy -- no thermic energy 
makes its appearance in this expression, and there is indeed no room for a 
separate thermic energy in such a quasi-molecular model. And since (25) is 
the system of the ordinary (point) mechanical equations of motion belonging 
to the total energy (26), therefore (25) must conserve this energy. 

Thus (25) must conserve (26), while (15) with (10), (14) does not 
conserve the analogue of (26). How then can (25) be an approximation of 


(15) with (10), (14)? 


§11. Nevertheless it is hard to see how (25) can fail to describe 
the equivalents of shocks in certain situations. E.g. let the "beads and 
springs" model of §9 collide with a rigid wall; in this situation the wall 
would send a shock into a compressible substance (in hydrodynamical thecry) , 
and something similar must happen to the "beads and springs" model. The 
boundary conditions which describe this are easy to specify: For t=O 
the substance is in its normal state (i.e. each Vg = i en |, 


hence Rg = &@+ Const. , e.g. xX, = @) and is moving uniformly 
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to the left: 


‘Ror tim (© ailaly OX eee Ca. sg 


(27) 


with a given wo OF 
For t > O the wall stops the molecule @=O aty:9: 
(28) Fer allt S50) ee oly 
Clearly (27) should only apply to the right half, i.e. to a=/,2,. 

Now (25) conserves the energy (26), i.e. the total kinetic plus 
potential energy, while (11) i.e. (20), excludes such a conservation. And 
the laws of Rankine and Hugoniot, on which (11) is based, are merely applica- 
tions of the basic conservation principles, which hold for (25) too. How 
then can (25) still conserve the energy (26)? 

The plausible answer is that (25) will produce something like a 
shock under the conditions specified, but that the motion of the sc beyond 
the shock will not be the smooth hydrodynamical one, but rather one with a 
superposed oscillation. This oscillation should contain, as a kinetic ener- 
gy, that degraded energy which can only be accounted for in the hydrodynamical 
case ((15) with (10), (14)) by introducing a separate thermic energy Wee" 
Indeed, (25) describes a quasi-molecular model, and in such a model the 


thermic energy appears necessarily as a part of the kinetic energy. 


§12. These considerations suggest the surmise that (25) is always 
a valid approximation of the hydrodynamical motion, i.e. of (15) with (10), 
(14), but with this qualification: It is not the a= Mere of (£5) 
which approximates the X = x(a t) of (15), but the average of the ee 
over an interval (of sufficient length) of contiguous a's. The xX, them- 
selves perform oscillations around these averages, and these oscillations do 


not tend to zero, but they make finite contributions to the total energy (26). 
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Indeed, these contributions are continuously increasing when shocks are pres- 
ent, and they account for the degradation of energy according to (21), (22). 


The velocities produced by these oscillations are easy to estimate, 
G. 1h, 


Denoting such a velocity by ae amplitudes (maxima) by and 
averages by ial » clearly 
Se ee vy 
: 2 — ( it Pa VoNe) 
Z | = A, = eth) lew a bdvy 
uz 


(use (21), (20)), and assuming that the oscillations are essentially harmonic 


ies eae Niat 


ose 
From these 
Vv, 
ee 
V2 


Actually (29) should be corrected inasmuch as /\ s my not be 
entirely kinetic energy: If the oscillations are of finite size, the non- 
linearity of the potential energy Uz = U, (y) will cause we (Cea 
to be different from oh (x, Sey a ) , and while the hydrodynamical energy 
contains the first expression, (26) contains the second one. Thus 


Die a ed = OF =e too contributes to the specific 


dissipation NG . If the oscillation of V, = Xa - Xa is Vee 
, 


then this term is approximately 


ee SC? 2 
a ae (Vose) e a eb (y, 


where 
(30) Ca dp = V oa 


is the local sound velocity. The average is 


330 
18 


Assuming harmonicity 
( ye ST ee 
Vose + RN inne ‘ 
So the left-hand side (29) should be replaced by 


(31) V Om i eeu cee IM 
ae 


wr 


§13. In the mathematical terminology the surmise of §12 means 
that the quasi-molecular kinetic solution ((25)) converges to the hydrodynam- 
ical one ((15) with (10), (14)), but in the weak sense. I.e. that only the 
averages converge numerically. (Even this requires a slight qualification 
due to what was observed above concerning the We -averages, but there is no 
need to consider such details already here.) 

A mathematical proof of this surmise would be most important, but 
it seems to be very difficult, even in the simplest special cases, The 
procedure to be followed here will therefore be a different one: We shall 
test the surmise experimentally by carrying out the necessary computations 
for certain moderate values of N (cf. §§9, 10), on problems where the rigor- 
ous hydrodynamical solution ((15) with (10), (14)) is known, and produces 
shocks. The comparison of the computed, approximate motion with the rigor- 


ous, hydrodynamical one will then be the test. 


§14. It is worth while to state once more what we propose to do: 
The system (25) is a computational approximation of (15). (15) describes 
continuous hydrodynamical motions, but not shocks. It is nevertheless ex- 


pected that the approximation (25) will prove itself better than its original 
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(15), and give adequate approximate descriptions of shocks. 

In order to evaluate the system (25) by effective computation it is 
now necessary to carry out the second step mentioned at the beginning of §8, 
i.e. to make the remaining independent variable t discrete too. Choosing 
for t a sequence of equidistant values 
(2h. sta See), G 4 fixedyand -5.0. | San See Sa 
a certain care in choosing T is necessary. 

First, we amplify (24) by writing 
(33) MeL Jeane) = Xa 
Second, the system of total difterential equations (25) must now be replaced 
by the system of difference equations 


Stl S Sau 
Wea tok a, Ss 


ai Po (x? =x5)| — Po ant 3) : 


(34) 


Third, it is clear that in the recursion of (34) ee is determined by 


$ Ss s-! s $-! s= Ss: $-2 
cS anyas Sa een Vet i.e. Karey Moc: 1 ese Meer jum emnreamme 
So yS is determined by a family of x*,'s with 
(Quel S baesh . 
Ike. x (a,t) is determined by a family of x(a¢')'s with 


(35) Ja'-al ot |t-t]. 
On the other hand the underlying hyperbolic partial differential equation 


(15) has a definite way to propagate influences: along the characteristic 


lines. The equation of those lines is 


(da)” = ~ (de) .(at)® 


i.e. the area in which a change made at q, t makes itself felt is given by 


[dal < j= 28 | at | 


332 

20 
or, using (30), by 
(36) [dal 2 & |dtl. 
Note that c was the velocity of sound in the physical space Ket , While £ 
is the velocity of sound in the label space Cee Equivalently, . ats 
the flow of mass across the sound wave. 

Now as hk. Courant pointed out first for a more general class of 

problems, the computation cannot give significant results unless the depend- 
ences (35) which it permits contain the dependences (36) which the underlying 


problem demands. Consequently it is necessary that 


LE ELS 
Th me 
ees) whee 
Vv 
(37) (Sa 


Practically even a certain "factor of safety" in (37) will be advisable. 


§15. The system of difference equations (34) is well suited to 
mechanization. Specifically, it can be solved with punch-card equipment, 
with g being the number of each one of the successive stacks of cards pro- 
duced, and a the current number of each card within its stack. However, 
the following points must be emphasized: 

First: We expect that after crossing the equivalent of a shock, a 
"molecule" qa will develop an oscillation of A, , Which represents thermic 
agitation. The period of this oscillation will be of the order { in a 
i.e, of the "grain size" introduced by the numerical approximation, by the 
operation of making the continuous a discrete. 

Now by the usual standards of numerical computing, the appearance 


of such oscillations (of a period which is imposed by the "grain size" of the 


approximation, and not by some quantity derived from the underlying differen- 
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tial equation (15)) is a symptom of some inadequacy of the computing setup. 
It is therefore important to visualize that in the proposed setup this cri- 
terion must be abandoned: As soon as a shock has been crossed such oscilla- 
tions must develop, and they have a perfectly good physical significance. 
They represent the thermic agitation caused by the degradation of energy 
through the shock. 

Second: Since this important criterion for spotting errors or in- 
adequacy of the computing setup is lost, we must see what other criteria re- 
main. For errors there is always effective numerical checking, but it is 
practically difficult to get along without additional criteria of a more in- 
trinsic significance, and they are also necessary in order to judge the ade- 
quacy of the entire setup. 

The following criteria suggest themselves: 

(A) Any conspicuous feature which appears in the initial conditions 
or anywhere later in the solution, will be propagated by the computation ac- 
cording to (35), while hydrodynamics cause propagation according to (36). 

The signal of (35) is the numerical or false signal, while the signal of (36) 
is the hydrodynamical or true signal. According to (37) the false signal 
must always be ahead of the true signal. Hence an actual computation can 
only be significant if the false signal is very weak (it should become weaker 
than any specified amount for a sufficiently small "grain size"), and if the 
essential changes arrive with the true signal. 

(B) Since (25) conserves the total energy (26), therefore (34) 
should approximately conserve the equivalent of (26), i.e. 


: : me 
carla aa daa es ee 


a 
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Of course (38) will oscillate, since this conservation is only an approximate 
one. But after its average statistical behavior has been determined, any 
excessive deviation is an indication of some error of computation. Any 
clear trend of (38) with § is an indication of an inadequacy of the comput- 
ing setup, particularly if it is in the direction (decrease) and of the order 
of magnitude of the shock degradation of energy according to (21), (22). 
Here the numerical rate of degradation is the significant quantity, i.e, the 
degradation of energy while ¢ increases by |, i.e. during t units of time. 
By (21), (22) this is 
(39) A SCC ae Ne 


ur 

Hence oscillations and trends of (38) must be judged by comparing 
them in size with this A. ., 

(C) It is advisable to acquire some general routine regarding the 
adequacy of computing setups, by dealing first with some selected experimen- 
tal problems, i.e. simple problems in which the hydrodynamical solution is 
known. The comparison of the approximate, numerical solution with the 
(known) rigorous, hydrodynamical one will clearly be of considerable orient- 
ing value. The problems should be chosen in such a manner as to make it 
sure that shocks will develop, and preferably also other characteristic 
features of continuum hydrodynamics, such as Riemann rarefaction waves, wave 


reflections and intersections, etc. 


§16. The Ballistic Research Laboratory of the Ordnance Research 
Center, Aberdeen, Maryland, is carrying out explorations of the suitability 
of its punch-card equipment for certain computations of the type described. 
This work began in early March 1944 and is continuing at the present time, 
under the direction and following the setups of Mr. L. E. Cunningham of the 


laboratory. The author wishes to take this opportunity to express his 
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thanks to the laboratory and to Mr. Cunningham, whose active interest made 
the decisive tests possible. 

Three experimental tests of the kind described above, which were 
made at Aberdeen, will be discussed in §§16-20 which follow. 

The precise formulation of these problems is this: 

The equations of state which correspond to (19) are assumed to be 
as simple as possible without impairing the significance of the results, in 
order to facilitate the computations. Specifically 
(40) p = p, Cv) 
is assumed to be a polynomial. It is well known from hydrodynamics that in 
order to be realistic, the curve (40) must be convex from below. According- 
ly 
(41) Pr Pet) = T= Na Ry 
was chosen. This "substance" "collapses" (i.e. y=O ) for p =|, and it 
"cavitates" (i.e, p = © ) for v=2 3 however it behaves reasonably in 


the intervals 


(42) Ox We, SS pis Oo. 
and 
ts) Ne et pos! by =. Somers 


was used as the "normal", initial state of the substance. By (30) the 
sound velocity is 
(44) (ee We is Vie 
hence the "normal", initial value is 
(45) Cc, = Ji va). ee Ohl 

The boundary conditions correspond to the collision of this sub- 
stance with a wall, as described at the beginning of §11. It is preferable, 


however, to have a definite finite number of particles, i.e. of values ofa, 
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(46) Pee Oheale eS Gao=2, aa a, , 


and to place rigid walls at the two ends: 


(47) For all C20 ae Oe Vin onthe 


This corresponds to (28). The initial state of the substance is as in (27), 


i.e. "normal" specific volume v= | and uniform motion to the left: 
For t=0 Xe =a, ee 
dt 
(48) | Forvall | ape ty Qa kan, ODA astt 
+ with a given te 2 (O) ¢ 


As the system of total differential equations (25) is replaced by 
the system of difference equations (34), the boundary conditions (47), (48) 


are to be replaced by 


(49) homeil) 20 (2)... Wer are: XS ae 
Renmei Oy = 42). Y. G52 al" Xqe ia. 
(50) 
x =) CR acare 


The following remarks are now in order: 


First: Of the Q,+ {| “molecules" Qz=v», |, Ds geen, 
Oe’ Gi. the first and the last, @-= 0, @,, represent the two 
walls. Hence the substance proper consists of the @,-{ molecules 
A= |, Tiny ek age | SOG OA MONE EN 
Second: The initial velocity -& points to the left (towards 
oO = 0, away from = 4, ), hence there will be a compression wave ori- 


ginating at the wall Q=0O, and an expansion wave at the wall Q=-=a,. 

I.e. the former will be a shock, and the latter a Riemann rarefaction wave. 
Third: In order to have a way to estimate the significance of a 

given initial velocity ® on an absolute scale, it is best to compare it 


with the "normal" sound velocity C, of (45). This gives as a measure 
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(51) @= > = VE ue Lita, 


the Mach number of the initial motion. 


§17. The problems considered correspond to the choices 
(52) Sere = | Och ieee M = 0,283, 0. 566. 
With these initial conditions (and the equation of state (41)) simple hydro- 
dynamical considerations allow determination of the rigorous, hydrodynamical 
solutions. The results are these: 


(A) At the wall a=O a shock originates. The velocity of this 


shock is PD -= 0.555, 0.490 3; the state behind it is given by 
a (Oley AR 0.590 and jp = oe iii). 0.6245 and mass velocity 
0. 


(B) At the wall a= Gi ee Riemann rarefaction wave originates. 
The velocity of the front of this waveis D = 0.9707, LOT ovate 


velocitycof its back is D"= 0.770, O, ©46; the state behind it is 


given by sei (| O, \.T\8and p= O.{14%, ©.020and mass velocityO, 
(C) The waves of (A) and (B) meet at the time = i Cle aoe 
D+ Dye 


At this instant the rarefaction wave begins to undergo a refraction on the 
shock, and its front continues béhind the shock with the velocity 
Dae SO Wi ee Onde She 
(D) The shock of (A) has the specific dissipation of energy 
jie se ORO OND) 1 OieOnOinbe Delia and the rate of dissipation of 


energy Bye. = 0, 00058, OM OLON aii. 


§18. The choice of t in each problem is governed by (37). The 
upper limit of (37) is the smallest = which occurs in the problem, i.e. by 


(44) the smallest —-—— .e. the —————— belonging to the 


Vi-4v Vi-tv 


338 
26 


smallest v. This is clearly the \ behind the shock, hence by (A) above 


Vz 0.755) 0, TOU and so ————-—— _ 1,26, ! 5 “thus 


the requirement of (37) is t < 1.26, |, |5 and therefore 7 = 0.5 
would seem to be a safe value. 

We can now state the three problems for which the solutions were 
computed: 

Probleml: Qj =0,2, i.e. the first choice of §17. Q = 15, 
i.e. N = a,-t = 4 molecules". <= 9. 5.) Walcullation carried 
tite SS coll i awe. tee oles De 

Problem 2: Same as Problem 1, but T=0.45 (as a check), 


calculation carried until $ = Bly Gee Gg ee ePRUS, 


i 


Problem 3: & = O.4, i.e. the second choice of §17. 45: 30} 
ices MN = a@,—( = 4% molecules". t = 0,5, calculation carried 
Bite S= Gl tise. = = 50.5. 

As pointed out at the beginningsof §§15 and 16, the computations 
were carried out on the punch-card equipment of the Ballistic Research Lab- 
oratory at Aberdeen, Maryland. They produced very encouraging results. 

Such difficulties as presented themselves were all overcome by the very 
complete and efficient punch-card equipment of the Ballistic Research Labora- 
tory under the direction of Mr. Cunningham. The actual computations on 

each problem required 6-12 working hours net, and the entire program (setting 
up, etc.), insofar as these three problems were concerned, took less than tan 
days. 

A detailed analysis of the numerical material obtained was under- 
taken, and it gave very valuable pointers for the further development of this 
method. It will not be attempted to give here a detailed account of this 


analysis. We shall, however, point out some of the main features, and at- 


tach some graphical representations. 
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§19. First: The results obtained in Problems 1 and 3 are repre- 
sented by Figures 1 and 2 respectively. The results in Problem 2 agree so 
well with those in Problem 1 that a graphical representation of the former 
would not have been distinguishable from one of the latter, i.e. from Figure 
1 (except for the halving of tT, i.e. the doubling of 5 ). 


In each figure the abscissae are the @,and the ordinates are the 


Sk The full lines, originating at ¢=0O and qe=l,2,-+\ @,-2, 
&,-{|, are the world lines of the corresponding "molecules". The dash-dash 


lines represent the main hydrodynamical features, that is, the loci where the 
rigorous, hydrodynamical solution places them according to (A)-(C) in §17: 
the line originating at the lower left corner is the shock, the two lines 
originating at the lower right corner are the front and the back of the 
Riemann rarefaction wave, and the refracted front of the rarefaction wave on 
the shock is also indicated. 

Second: Both figures show that the initial motion, which is a 
family of parallel straight lines in the Q,§ -plane, is significantly modi- 
fied only when the shock or the front of the rarefaction are reached. These 
are the true signals in the sense of (A) in §15; the false signals are at 
thei dines! Sis.a@. or So = @5- a i.e. well ahead of the true ones, and at 
the false signals nothing visible happens. (The numerical material shows 
this in more precise quantitative detail.) Also, the change of direction at 
the shock is rather sudden, while that at the rarefaction is gradual and con- 
tinuous. Summing up, the criterion of (A) in §15 is satisfied, and even the 
details of the compression and the expansion caused by the two walls are those 
which the rigorous, hydrodynamical solution leads one to expect. 

Third: The numerical material shows that in all three problems the 


shocks are followed by oscillations of a more lasting nature than those which 
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accompany the rarefaction. In Problems 1, 2 these are too small to show on 
Figure 1, but in Problem 3 they are considerably greater and Figure 2 shows 
them accordingly. That figure makes it quite clear that the shock, but not 
the rarefaction, is followed by strong "thermic agitation" due to the degrada- 
tion of energy which is caused by the shock alone. 

Fourth: The values of vy obtained in (A), (B) in §17 for the re- 
gions behind the shock and the rarefaction can be compared with the compres- 
sion and the expansion shown on Figures 1, 2. The quantitative agreement is 
excellent. The world lines of individual "molecules" are also in good 
agreement with those obtained from the rigorous, hydrodynamical solution, if 
allowance is made for the post-shock oscillations. 

Fifth: The numerical rate of degradation of energy is, by (39) in 
(B) in §15 together with (D) in §17 and the tT -values of §18, found to be 
(53) : 7A as 1G (Se = 0.00029, 0.00015, 0.00208 

for Problems 1, 2, 3, respectively. 

As discussed in (B) in §15, this is the quantity which provides the 
significant standard of size for the oscillations and trends of the approxi- 
mate energy (38). 

Computations of (38) show that its total oscillationsnever exceed 
the quadruple of (53) in either problem, and that the overall trend of (38) 
is less per unit of § than one-twentieth of (53). This makes the signifi- 
cance of our computing procedure very plausible, and permits an easy spotting 
of computing errors with the help of the oscillations of the approximate 


energy (38). 


§20. A more detailed inspection of the numerical results in Prob- 
lem 3 allows also locating the course of the shock across the rarefaction. 


This is shown by the dash-dot line on Figure 2. It should be noted that 
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this represents already a result which cannot be obtained by classical 
methods in the rigorous, hydrodynamical theory: the "collision" of a shock 
and a rarefaction. 

It is proposed to extend this method to more problems of this lat- 
ter type, involving more complicated one-dimensional interactions of shocks 
and rarefactions. The experience with Problems 1, 2, 3 shows that a "sub= 
stance" with 14 or 29 "molecules" is fully adequate to describe the finer 
nuances of hydrodynamic motion. We believe therefore that the possibilities 
which are opened up by this method are considerable. 

The equation of state (41) 

p2i-vttiv 
must of course be replaced by more realistic ones. Actually non-polynomial 
equations, e.g. the "adiabatic" 
(54) pe vo? 
can be handled by the punch-card equipment through appropriate arrangements 
quite simply and efficiently. 

Ali these problems, as well as the extension from the special equa- 
tion of state (18), (19) to the general one (1), (3), will be dealt with in 


subsequent reports. 


§21. Among more-than-one-dimensional problems, those of spheri- 
cal symmetry suggest themselves first. Here x and & may be viewed as the 
distances from the center of symmetry of the physical space or the labcl 
space, This replaces the hydrodynamical partial differential equation (15) 


by 
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which is of a very similar nature. Our approximative, numerical procedure 
applies to (55) in essentially the same way as to (15) in the one-dimensional 
case. 

Numerical investigations of (55) are very desirable, since such 
problems as the decay of a spherical shock belong in this class. This sub~ 


ject will also be considered in subsequent reports. 


§22. Truly two- or three-dimensional problems without the sym- 
metries used in §21 are more difficult to handle. Our general approximative 
procedure still applies, but there seem to be reasons to fear that here the 
necessary number of "molecules" becomes inconveniently large. As pointed 
out in §20, |4 or slightly more "molecules" may suffice in one dimension, 
but this suggests that /[+“% > 200. ana (434— 3 000 may be 
needed in truly two- or three-dimensional problems. These numbers seem too 
high for the existing machines, although 200 "molecules" are perhaps not al- 
together beyond capacity. The subject will be investigated further, particu- 
larly in view of the great importance of the hydrodynamical problems which a 
success in this direction would make accessible, 

In the truly many-dimensional cases the possibility of using other 
types of machines will also have to be investigated. In this respect the 
relay-selector type machines seem very promising among the "digital" ones. 
The exploration of the "non-digital", "physical analogy" type machines is al- 
so being undertaken; some of these seem to be quite promising, although of 


lower precision than the "digital" machines. 
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* * * * * * ” * * 


Summary. 


The results of calculations of the pressure pulses produced in water by spherical charges 
of T.N.T. and T.N.T./Aluminium 85/15 are presented. The equations of state for the explosion products 
were those calculated by Booth, while the equation of state for water was that used by Penney and 
Dasgupta which is practically identical with that used by Kirkwood and others(3). The gases are 
initlally assumed to be at rest and at uniform pressure, as Is done by Kirkwood and others(3) and in 
Penney's original calculations. 


The results of the various theories are compared with experiment and the calculations now 
available enable the causes of some of the discrepancies between the varlous theorles to be traced. 
With one or two exceptions, the experiments seem in good agreement with theory. The most serious 
discrepancy between theory and experiment seems to be in the single result obtained from the pressure— 
bar(1), which suggests a time constant much larger than the theory indicates. The most serious 
discrepancy between the theories seems to be the differing effects of the addition of aluminium to 
T.N.T. according to Kirkwood's theory and according to the present calculations. We have confirmed 
Kirkwood's assumption that the main portion of the pressure pulse is exponential, but it seems probable 
that Kirkwood's method of obtaining the constants in the exponential expression is too crude. 


Introduction 


It is desirable in explosion research to have some idea of the form of an underwater explosion 
pulse very close to the charge, say up to distances of 10 charge radii for a spherical charge. With 
the possible exception of Taylor and Davies’ pressure bar(1), (which so far has only been used for 
one shot) no instrument has been devised which will stand up to the very high pressures in this region, 
although there are indirect 7ethods of inferring the peak pressure which we shall discuss later on. 

It is therefore necessary to resort to theory in order to gain some idea of the pressures to be expectea 
from contact or near—contact explosions, to assist both in the design of instruments for measuring these 
large pressures and in the design of structures to resist sugh explosions. 


Methods available. 


Two methods suggest themselves. One might start with experimental results at great distances 
from the charge and attempt to extrapolate inwards or one might start from the equations of state of 
the explosion products and of the water and, assuming reasonable initial conditions, follow hydro— 
dynamically the variations with time of the pressure in the water and in the jas sphere, In this 
report we shall not use the first method, which has recently been used by Kirkwood and others(2) but 
we shall concentrate on the second. The success of this method naturally depends on the accuracy of 
our data. The equation of state of water over the pressure range required may now be regarded as 
fairly well known, covered as it is by recent experiments of Bridgman and others. The equation of 
state, of the explosion products cannot be observed directly, but must be calculated thermodynamically. 
This has been done by varlous workers. Eyen if one takes proper account of chemical equilibrium 
during the early stages of the expansion of tne explosion products, it soon appears that the temperature 
falls rapidly during the expansion, and at sone stage the explosion products will no longer be in 
equilibrium. Thus, at least one arbitrary assumption is involved in this calculation. A second 
difficulty Is that explosives such as T.N.T. form solid carbon, and it is difficult to decide whether 
or not it should be considered to be in thermal equilibrium with the gases. A similar question arises 
with the aluminium oxide that is formed when aluminised explosives are detonated. Penney has also 
Suggested that the aluminium might actually burn in the water near the charge. Fortunately, however, it 


Appears seeee 


348 


-2- 


appears from the calculations of Kirkwood(3) and others, to be discussed later, that smal] changes 
in the chemistry of the decomposition make surprisingly little difference to the final results. 
In this report we shall use the adiabatics for T.N.T. and (T.N.T./Aluminium 85/15) obtained by Booth. 


We may therefore take it that the two equations of state are known with sufficient accuracy 
for practical purposes. A more difficult question is to decide the initial conditions from which 
to start our hydrodynamical calculations. It is known from Taylor's theoretical work that a 
spherical detonation wave is a theoretical possibility, but there is no definite evidence that it 
really exists. We nave therefore two possible choices. We might take the gas to be initially at 
rest at a high, but uniform, pressure, or we might take initial conditions based on the assumption 
of a spherical detonation wave. It is desirable to obtain data using both assumptions. 


Calculations already carried out. 


The first attempt was made at this problem by Penney. He obtained results which give the 
correct value for the peak pressure at great distances, but the wrong form for the pressure-time curve, 
the pressure very quickly dropping to zero, then rising again, an effect which is not observed 
experimentally. In a secmd attempt Penney and Dasyupta attacked the problem again, obtaining a 
curve very like those observed experimentally. It is difficult to compare these two reports directly, 
because, although in both substantially the same method of following the changes in pressure is used 
(a step-by-step method based on the Riemann hydrodynamical equations) two of the assumptions are 
Changed. In the first paper the initial conditions are those of a gas at rest at uniform pressure, 
in the second those proper to the region just behind a detonation wave. In addition, different 
equations of state for water are used in the two papers, It was partly in order to sort out the 
effects of these two changes that the present calculations were undertaken. 


Independently, Kirkwood and others(3) have attempted to obtain a theory of the propagation of 
the pressure pulse which shall enable results to be obtained in analytic form for differant explosives, 
without having to report the laborious step-by-step process for each one, In all cases the initial 
conditions assumed are the same as those of Penney's original paper (gases initially at rest), but 
the equation of state for water is practically identical with that used by Penney and Dasgupta, so 
that here again no direct comparison is possible. Kirkwood(3) and his collaborators have carried 
out the work for a large range of explosives, and have 21so examined the effect of smal) variations 
in the equation of state of the gaseous products, and of temperature and salinity variations in the 
water. It appears that the effect of all tnese can be neglected for practical purposes. 


The calculations actually carried out, the results of which are presented in this report, used 
the step-by-step method described by Penney. To try to maintain accuracy the steps were kept quite 
small, so that in 30 —- 40 steps the shock front at the head of the pressure pulse had attained a radius 
of about six times the original radius of the charge (taken for convenience as 50 cm). These results 
were extrapolated to greater distances by a method suggested by Dasgupta, to be described later. The 
equation of state for water was that used by Penney and Dasgupta and was practically identical with 
that used by Kirkwood and others(3). The equation of state for the gas was that calculated by Booth, 
while the initial conditions were that the gas was at rest at uniform pressure. In addition to T.N.T., 
the calculations were carried out for a T.N.T./Aluminium 85/15 mixture, to obtain a direct assessment 
of the effect of adding aluminium to a high explosive, and for comparison with Kirkwood's(3) work. 


With these calculations avallable, we are in a position to make the following comparisons:— 


(a) To ascertain the reason for the discrepancy between Penney‘'s earlier results and Penney 
and Dasgupta's later results. 


(b) To make a direct comparison between the step-by-step and Kirkwood methods. 


(c) To obtain an assessment of the effect of adding aluminium to a high explosive. 


Criticism of the methods. 


The methods have both been fully described elsewhere, so that it is sufficient to say here 
that the step-by-step method is based on the equations:— 
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OP oP = 2 uc 
Py + (c+ u) =e = (1) 
Seay ee Se at (2) 
ot or r 


where u is the particle velocity, t the time co-ordinate and r the distance co-ordinate, and 


P=f+u, Q= f—-uand f is the Riemann function f = f pe ¢ is the velocity of sound, 
fe} 


fe) 
p the density and Po the density at atmospherical pressure. kirkwood's(3) method is based 
essentially on two assumptions:- 


(a) That the function G= r fs + 3 f? is propagated outwards unchanged with a 
Pp 


° ; E 
velocity c + f. (In the earlier reports f was replaced by u in these expressions). 


A similar function is propagated inwards into the gas. 
(b) That the important part of the pressure pulse can be regarded as exponential. 


In both methods due account has to be taken of the fact that at the shock front energy is 
being dissipated because the shock-front travels slightly slower than and thus "eats" “up the remainder 
of the pulse, the relation between shock front pressure and velocity being determined by the 
Rankine-Hugoniot equations. The dissipation of energy due to this “overtaking effect" represents 
the effects of viscosity and thermal conductivity, which cannot be neglected at the steeply—sloped 
shock-front, even if they can be neglected in the remainder of the pulse. 


The objection to the step-by-step method is that if the steps are made too smal) errors 
accumulate, while if they are taken toc large the second-order terms are not negligible. Penney and 
Dasgupta attempted to allow for these second order terms by their “backwards and forwards" process. 
This process was not used in the present calculations, because it was considered that the additiona) 
labour and possibility of error entailed by working over three very similar sets of figures was likely 
to counterbalance any gain in atcuracy. It was preferred to keep the steps small at stages where 
special difficulties occurred (at tne beginning, at the instant when the rarefaction wave in the gas 
first reaches the origin and at the instant when a discontinuity in the Q function is about to set in, 
as described later), and to obtain a rough check on the over-all accuracy by computing the kinetic 
and potential energies of gas and water at a number of instants, adding to them the energy dissipated 
at the shock-front and seeing how nearly the total remained constant. The results suggest that the 
accuracy remains fairly good, at least in the early stages of the work, and are given in Tables | and 
ile 


TABLE |. 


Energy balance for T.N.T., expressed in calories per gram of explosive. 


Position of Shock- 
Front. 
(Charge Radii). 


Total 
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TABLE II. 


Energy balance for T.N.T./Aluminum expressed in calories per gram of explosive. 


Position of Shock— 
Front. 
(Charge Radii). 


1.00 1.04 1.21 


ee Po 
ee ee 


The discrepancies in the energy in the latter stages of the work are due to a systematic 
cause explained in Section 6. It must not be assumed that the work has suddenly become less 
accurate, 


Phe method of calculating these energies is fairly obvious. The potential energies of 
gas and water were computed as functions of pressure from the equation of state (by means of the 


familiar integral p ba which gives the potential energy per unit volume). The kinetic energy 
PoP 
per unit volume is given simply by 3P ut , and u being know at every point, so that one can obtain 
the total kinetic energies by integrating this over the whole volume of the gas and the disturbed 
volume of the water, the weighting factor being 477 r-dr. Similar integrations give the two 
potential energmes. The total wastage was calculated from the figures given in Penney and Dasgupta’s 
paper Table |, relating @, the rate of wastage, to shock-wave pressure. The relations between time 
and position of shock-wave and value of shock-wave pressure being known, the wastage while the shock— 
h 
wave moves from R, to Ry is given by a r? 6 pdr. 
No 

Kirkwood(3), by a process that is not explicitly stated, concluded that his results were not 
likely to be ‘n error by more than 20%, and that they would be too high. This conclusion seems to be 
borne out by the comparison between theory and experiment, as will be seen later. Penney has 
questionec the validity of some of Kirkwood's assumptions and Kirkwood has replied answering some of 
the points raised. The only serious difficulty still outstanding is to decide to what extent one 
can replace, as Kirkwood does, the state of affairs represented by equations (1) and (2) by his rather 
simpler scheme of things, in which the outgoing wave in the gas and the ingoing wave in the water are 
both neglected. Calculations in fact show that the ingoing wave in the water is very far from 
negligible. it occurs for two reasons. First, because of tne term — 2 uc in equation (2), which 
Causes the Q function to build up negatively as the wave travels inwards. Secondly, because the 
shock-front acts in some ways as a reflector owing to the overtaking effect, so that Q is not 
precisely zero even just behind the shock-front. In Kirkwood's first paper (0.S.R.0,588) it was 
erroneously stated that the theory implies neglect of the Q function. This is not so, because 
Kirkwood’s function § is not precisely the same as the Riemann function P, and Kirkwood has pointed 
out that his results in fact imply values of Q of the same order of magnitude as those given by the 
step-by-step calculations. However, the procedure of replacing two waves proceeding in opposite 
directions by a single wave cannot be carried out even in the simple case of a stretched string, so 
it is hard tc see how it cantbe valid here. The comparative success of Kirkwaod's theory is 
probably due to two main causes:— 


(a) It is definitely a better approximation than “acoustic” theory. 


(b) Substitution in the hydrodynamic equations shavs that the first-order correction terms 
vanish, at all events for water. 
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A check on Kirkwood's theory of the propagation of the pressure pulse in water has been 
made by Road Research Laboratory by comparing the time and space derivatives of the pressure just 
behind the shock-front, as it can be shavn that these are connected by a unique relation. It 
reveals discrepancies of up to 30% in the values obtained from Kirkwood's assumptions in the very 
high pressure region occurring initially near the charge. Tnis check is a sensitive one, and does 
not imply that values of peak pressure, etc., show errors of this order. 


The extrapolation process. 


As stated, the step-by-step process was used until the shock-front had reached a point about 
5 — 6 charge radii from the centre, and the pressure had dropped from its original high value of the 
order of 40 kilobars to about 2 kilobars. Some specimen values of P and Q and the pressure are 
given in Table Il, 


TABLE II]. 


Values after the final step. 


T.N.T./ Aluminium 


Q 
cms. kilobars metres/sec.| metres/ 


sec. 


Shock 
front 


Inter— 
face 


Original radius of charge was 50 cms. in both cases. 


It will be seen that, even at these comparatively low pressures, the function Q is stil) not 
negligible except in the region just behind the shock-front. An attempt to carry the step-by-step 
process further (we need values at least 10 charge radii to get a satisfactory comparison with 
experiment) might lead to an unacceptable piling up of errors, while any extrapolation process 
involves the neglect of the ingoing wave. It was considered, however, that the application of such 
a process would give a better answer than either further application of the step-by-step method or 
Kirkwood's method, which amounts virtually to an application of extrapolation starting from an 
instant just after the pressure-pulse has begun to form, In particular, it should give a sufficiently 
good answer for the variation of peak pressure at various positions of the shock-front, and for the 
portion of the pressure—time curve immediately behind the shock-front. On the assumption that Q is 
zero, we have:— 


Ugh es (3) 


Also P= f+u (25) = ¢+ a from equation (1). 
35 


Therefore .sar5 
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ae 
= 2_ue = eG my. A ; 
Therefore dP = — eae dt Te + uy dr (for eirines)selnallings points in the 
pulse at different times). 
where P = f+ u = 2f = 2u which on substitution in equation (4) gives:— 
hs oa, (ht es dr 
ate <a mat 


The adiabatic relation between pressure p and density p for water is given by:— 


s 
(p + p.)® 
——> = ‘constant 
p 
e c 2 
= ss = By ) 
Whence f f p do Te (c Cy’ 
Po 
where aoe = 3202; Cs velocity of sound in water at atmospneric pressure. 


Substitution of equatian (6) in equation (5) gives 


(less ny = 2. eaehates wench 
c= Cc) ios ee ote 


or after integration 


wri 


= J = 
c (c Cy) M 
where M is constant for corresponding points on the pulse at different times. 


Further, since 


See aa (reici=ee—e (cmc) + c= Att ee 


therefore from equation (7) 


de 


CTR 
1 2 
c (c - ¢,) 
which, after integration, gives 
c 
a Stes pleat gc 
2 HY nti 
“Cy cmt (c ie )2 
° 
c-c¢ 
Substitutes (===> =x. 
t 
° 
x 
2 
& Seal dx 
Then ts ty == J 3 
cae 4 (14 x)mt x? 
2 
whence by writing | ——— =u a(xs) 
x2 (14 xt x? 
t,-t, = 1 (x3) = 4 (x,) 
ries il m2 Si 
c m1 
° 


(4) 


(5) 


(6) 


(7) 


(8) 
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In addition to the formulae already derived, it is neceessry, as will be explained later, to have 


an expression for the distance eg moved by the shock front in the interval t, - ty. 


For this purpose, U, the shock wave velocity, has to be introduced in the expression 


t 
1 
following relation, which is satisfactory for smal) pressures:— 
1 
= + = 
U e. (1+ ax) where a co 
As given above:- 
= A_de = M_dx 
ake 0 - ia Ge eo ae 
cMT (¢ eal ere (1 + x)Pt y2 


Ue : 2 i 
== = M dx 
| uate gor - | Co SSD oa ee 


ty mt ele (a> x) x2 
ry : 
2 
=a ‘ —Sar- to | ong 
ent i x (1+ x) ot 2 xX) (1 + x)et x 
= M 
iia orn [. baie ata) (9) 
A wi 
0. 
2 2 , 
= ax x 
where J (x,) = | Sar | at 


X2 (1+ xt x? Xo (1+ x)Mt x 


t 
ra 
i Udt. The decrease of U with time is not known, but it is related to the pressure by the 


The upper limit of 2 in the integrals has no special significance, but is introduced in order to 


simplify tabulation. 


Method of Calculation. 


Knowing the pressure (p,) distribution in water when the shock-front has moved out toa 
distance Ry in time ty we then assume tne shock-front to have moved to a further distance R, and 
use equations (5), (6) ana (7) to find the pressure distribution in the new position at time t+ 


The various steps of the calculations are as follows:- 


(a) The integrals !(x) and J(x) are tabulated for a series of values of x < 2. 

(b) Knowing p, hence c, at R, for the shock-wave, we can find M by using equation (7) 
with r= Ry c= Cy 

(c) At this stage it cannot be assumed that the leading point of the shock-front at time 


(d) 


t, will always remain the leading point (the pressure thus decreasing according to 
equation (5)) and on this assumption use R, and the value of M found by (b) to find 


the value of Co in equation (7). In actual fact the velocity U of the shock-wave is 
rather less than that of the leading point, so that the method just described would 
eventually give Po at a point beyond the actual position of the shock—-wave. Instead, 


we must make use of equation (7) which was evolved from an expression for U. Thus, 


knowing 8, - Ry, M and x,, we find J(x5), hence x, C, and py at R,. 


The next step is to find t, - t, by equation (8) using the values of M, Xj» X> NOW 
known. The time to- ty is a fixed time basis for all further calculations. 


SO secee 
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So far we have found the pressure at the new position of the shock-front. We now have to 
find the pressure distribution in the reyion behind the shock-front. For this purpose, we select., 
a range of values of cy at distances ry when the shock-front is at Rye fach pair of -values 
(ry, cy) is then extended to the new values (es Ey) by the following methods:— 


(e) As before, knowing ry C, hence x,, We find the corresponding M from equation (7). 

(f) Using the fixed time basis t,— t, already found, equation (6) gives 1 (x5) hence 
Xp Cor Po 

(g) Returning to equation (7) in the form r, crane (c, = co) = M, we can therefore 
find r. 


Thus, the conditions at r, have been translated into the corresponding conditions at Toe 


This method is repeated for each chosen r, until the pressure-distance relationship for 
the shock-wave in its new position Ro has been completed. 


As before, most of the complications are due to the fact that we still have to take due 
account of the overtaking effect even at comparatively low pressures. The extrapolation process 
2 
is based on the constancy of the quantity ret (c = ¢,) for corresponding points on the pressure 
curve at different times. It is interesting to compare this with Kirkwood's method. The 
function that Kirkwood assumes to be constant is given by:— 


” 


Grae f op + : f? where f is the Riemann function, defined as before. 
Pp, 


Again using the equation of state for water, we find that this function is given by:— 


G pebetbs =e (c - c)? (10) 
= or cee = =¢ 
n= 1 (n - 1) C 


For low pressures, c is nearly equal to Cor and the main variation of the quantities G and M will 
be due to the variation of c — Co which occurs to the first power in both quantities, the second 
term in equation (10) being negligible compared with the first. It thus follows that in this 
limiting case the extrapolation process we have used is equivalent to Kirkwood’s. For pressures 
of the order of 2 kilobars ¢ — Sy is about 30% of Co» SO that the peak pressures would have to be 
greater than this for the two methods tc give significantly different results. Simple acoustic 
theory would give nearly as good an approximation. 


It was found that the pressures dropped to low values at points more than a few charge 
radii behind the shock-front, so that c became nearly equal to cy and the extrapolation process 
became inaccurate. Thus, apart altogether from the fact that Q was not negligible, it was not 
possible to apply the extrapolation process to points in the region of the water near the gas bubble. 
On the other hand, the overtaking effect continually destroyed the front of the pressure pulse. 
It was, therefore, not practicable to carry the extrapolation process beyond 30 charge radii, which, 
however, is enough to give us a satisfactory comparison with experiment and with the results of 
other workers. 


Difficulties encountered in the calculations. 


We have already mentioned the difficulties connected with the extrapolation. In the 
calculations proper, some further difficulties were encountered. 


(a) Once the rarefaction wave passing into the gas had reached the origin, it became 
difficult to maintain accuracy on account of the term - Zue which remains finite 
at the origin but cannot be determined grapnically with any accuracy. For points 
near the origin . was replaced by — but this quantity was also difficult to evaluate 


on account of the fact that the curve of u against r ends at the origin and ordinary 


methods ...06 
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methods of numerical differentiation are not applicable. An attempt to maintain 
the accuracy, by keeping the first few steps after the arrival of the rarefaction 
wave at the origin small, was made but it is difficult to assess the error duc to 
this cause. However, events at the origin are unlikely to affect the main portion 
of the pressure pulse for a reason that we shall discuss immediately. 


(b) The step-by-step method broke down in the gas shortly after the reflection of the 

rarefaction wave at the origin, a discontinuity in the Q function appearing about 

half-way between the origin and the interface. A similar effect secms to have 

occurred with Penney and Dasgupta calculations, but it is understood that it did 

occur in Penney'’s original calculations. The effect might be interpreted as the 

incipient formation of a shock-wave travelling inwards, but it is difficult to 

see why a rarefaction wave should suddenly reverse its direction of propagation 

and thus become a shock-wave. Such effects are usually associated with a 

boundary reflection, but no boundary is anywhere near. 'n another report we 

have described the phenomenon in detail, and have suggested that it may be an 

instance of an apparent "negative shock-front", such as has been observed by 

Libessart though the persistence of such a phenomenon for any finite time also 

leads to serious difficulties. 

For the purpose of these calculations, it is important not so much to elucidate the exact 
nature of the effect but to decide what effect it is likely to have on conditions in the water. 
For this purpose the calculations were continued in the following way (after we had first satisfied 
ourselves, by repeating part of the calculations with a reduced size of step, that tne appearance 
of the discontinuity was a real phenomenon). A continuati'on of the calculation, accepting the 
Riemann theory literally, would have given us a Q curve witn two branches overlapping one another 
and connected by an S-shaped portion, so that, for certain values of r there would have been three 
possible values of Q. The lower part of the curve, starting from the origin, was retained up to 
the point at which the S-shaped portion began to bend backwards, and all of the upper branch of the 
curve overlapping this portion was erased. It is clear that this procedure will lead to the total 
energy being under-estimated if the real phenomenon is (say) an ingoing shock-wave, and we find 
indeed from Tables | and || that there is a marked decrease in the total energy in the latter steps, 
the decrease in fact practically coinciding with the appearance of the discontinuity in Q 


Our reason for adopting this method of calculation was to try to find out whether the 
rarefaction wave could reach the interface, and thus affect conditions in the water, possibly 
producing a pronounced minimum in the pressure-time curve of the kind found by Penney. We obtained 
the reassuring result that, even with our extreme assumption, the discontinuity in Q was only propagated 
with a speec comparable with the advance of the gas-water interface, so that it would be a long time 
before it comla aff=ct conditions in the water. In fact, the discontinuity in Q was still far benind 
the interface when tne main portian of the pressure pulse had formed and the step-by-step calculations 
were broken off. Thus it would appear that conditions at the orijin are not likely to have any 
important effect on the pulse fn the water. 


Summary of results. 


In Tables IV and V the relation between pressure and time, which is what would be measured 
by a gauge at a fixed position in space, is given for distances of approximately 2, 3, 4 and 5 charge 
radii for both explosives. tn Figuresi and 2 the same data are plotted logarithmically, and it will 
be see that, with the exception of the case = = 3.08 for T.N.T., the pressure-time curve is a 
reasonable exponential even quite close to the charge, thus proving some justification for Kirkwood's 
second assumption. The time-constants if the exponentials given by the slopes of these curves are 
also given in the Tables. Owing to the "eatiny-up" of the pressure pulse by the shock-front, it is 
not possible to obtain satisfactory figures for the time constants beyond 5 charge radii. A rough 
comparison with Kirkwood's figures is made in Table VI. 


In Figure 3 peak pressure multiplied by number of charge radii is plotted against digtance 
for T.N.T. and T.N.T./Aluminium according to the present calculations, and according to Kirkwood's(2) 
latest figures (0.S.R.D.2022). Also included for comparison is Penney’s earlier work on T.N.T. 
Al) these curves are based on the assumption that the gas is at rest initially. Penney and Oasgupta's 
calculations include the effect of a detonation wave, and cannote therefore be compared directly with 
the others. The following differences between the various calculations must adso be noted:- 


(a) eeteeme 
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(a) In Penney's curve the equation of state for water aiffers from that used in the 
other work. 
(b) The density of T.N.T. was 1.59 gms./cc. in Kirkwood's(2) work, 1.565 in Penney’s work 


and 1.50 in the present calculations. The differences so introduced are not present 
calculations. The differences so introduced are not likely to be serious. They can 
be estimated by comparison of Kirkwood’s results for T.N.T. of densities 1.59 and 1.40. 


In Figure 4 a comparison is made of the present calculations with those of Penney and Dasgupta 
to see the effect of introducing a detonation wave. The equation of state for water Is identical 
in the two cases, the equation of state for the gas nct significantly different, but it should be 
noted that the initial conditions assumed by Penney and Dasgupta are such that the gas initially has 
a total energy of 800 calories per gram of explosive, as against 1028 calories per gram for the 
present calculations. This difference is partially counterbalanced by the fact that Penney and 
Dasgaupta use a T.N.T. of higher density (1,565 instead of 1.50), but this still leaves a discrepancy 
of 19% in the energy for a charge of the same volume. No attempt has been made to introduce any 
correction for this in Figure 4. 


Figure 5 includes all the theoretical curves of peak pressure against distance for T.N.T. 
Figures 6, 7 and 8 show the distribution of pressure and particle velocity as functions of distance 
for a T.N.T. charge at 3 different instants, while Figures 9, 10 and 11 give similar data fora 
T.N.T./Aluminium charge. The data for the conditions in the gas are only given between the 
interface and the first discontinuity in Q, for which region it will be unaffected by the behaviour 
of the discontinuity. 


TABLE IV. 


P—t Relationships for T.N.T. 
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P—t Relationships for T.N.T./Aluminium 
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TABLE VI. 


Comparison of Time-Constants with Kirkwood's Values. 


l | 
Density 4 1.00 | 2.06 | 3.08 10.0 | 
| H 
oe Bt 
| @ (present calculations) 
Tenens > 
. 
— i 
Density | 
eae 0 
1.765 6 (present calculations) 
T.N.T/Al. 


1.694 @ (Kirkwood) 


all values refer to a charge of 50 cm. radius, and are given in microseconds. 
NOTE: The figures in brackets are taken as accurately as possible off Kirkwood's 
curves. Unbracketed figures are obtained from values quoted numerically. 
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Comparison with experiment. 


Figure 5 includes al] the theoretical curves for T.N.T., although it is emphasised again 
that they do not originate in precisely the same assumptions, In addition, experimental information 
on pressures very near the charge is included, taken from various published reports. It is believed 
that this covers practically all results that have been reported, at all events within 15 — 20 charge 
radii. The following is a list of instruments and methods used. 


(a) Piezo-electric gauge (Wood's Hole) (2) U.S. Report U.E. 24. 

(b) Pressure-bar (Taylor and Davies) (1) 

(c) Spray-velocity and air-shock wave (Road Research Laboratory) 

(d) Spray-velocity (Wcod's Hole) U.S. Report U.E. 27. 

(2) Optical method (effect on refractive index of water) (Wood's Hole) U.S. Report U.E. 23, 

(n addition, two empirical lines have been included, one according to the law recently 
suggested in the U.S.A. (nomogram issued by Princeton University Station and stated to be based on data 
supplied by U.E.R.L.), and the other according to Wood's formula(t), This latter formula is based cn 
measurements at conparatively large distances. As it does not scale up exactly with radius of charge, 


it has been drawn in for a 300 1b. charge. 


The following comments are made on the various experimental points:— 


(a) The line drawn through the points obtained with the piezo-electric gauge was obtained by 
Kirkwood's extrapolation method(2), of which a preliminary account is given in U.S. Report 
Uses 24 

(0) Although the one point obtained from the pressure—bar gives reasonable agreement with the 


theoretical curves, the experiment indicated a time-constant much greater than 100 
microseconds, whereas theory indicates a time-constant of the order of 50 microseconds. 


(c) The pressure was inferred by two distinct methods, by the velocity of surface spray and 
by the velocity of the shock-front rising into the air from the water surface. These 
two methods agree well except at the 2 charge radii position, where the shock-front is 
probably cbscured by the spray. The lower pcint is obtained on the assumption that the 
sheck-frent velocity in air is the same as the spray velocity. These ©xperiments were 
with C.E. and 5% has been arbitrarily deducted from the readings tc give a camparison 


with T.N.T. 
(d) The spray velocity method is applied in this case to T.N.T. 
(e) in the optical method the shock-wave was used as a lens. The explosive was Tetryl, 


which according to Kirkwood's(3) figures has a theoretical peak pressure distance 

curve almost identical with T.N.T. of density 1.59, According to experimental work 
quoted by Kirkwood (in 0.S.R.D. 2022), Tetryl has a peak pressure distinctly above the 
theoretical, at all events for points near the charge (see Figure 1 of that Report). 
This is in sharp contrast with T.N.T., for which the peak pressures are below Kirkwood's 
curve as is clear from Figure 5 of this report. (One would expect Kirkwood's theory 
to over-estimate the pressure somewhat). It is therefore not clear by what factor the 
Tetryl results should be corrected in order to give a comparison with T.N.T. 


Discussion. 


With the exception of the strange result on the time—constant revealed by the pressure—bar, 
it may be stated that the disagreements between theory and experiment are no greater than the 
discrepancies between the various theories, also that the various methods of measurement agree well 
amony themselves. We are, however, now in a position to trace at any rate some of the causes of 


these discrepancies, and to infer the approximate effect that they have. We may list them for 
Convenience under a number of headings. 
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(a) Variations of loading densities and energy release. 


By interpolating between Kirkwood's curves(3) for T.N.T. density 1.59 and T.N.T. density 

1.40, we conclude that an overall reduction of the order of 10% should be made in the peak pressures 
for a density of 1.59 to compare them with a density of 1.50. This would give much better agreement 
with the step-by-step results, but we ought logically to apply a similar correction process to the 
T.N.T./Aluminium results, and this would worsen the agreement because Kirkwood's density is less. 

It is difficult to know how to correct Penney and Dasgupta's curve to allow for the fact that they 
assumed too small an energy content. The discrepancy in energy was 19%, so the discrepancy in peak 
pressure is unlikely to be more than 10%, and will probably be less, owing to the fact that the wastage 
of energy in the shockwave increases faster with peak pressure than does the energy given to the water. 


(b) Variations of the equation of state of the gas. 


We may deduce from Kirkwood's(2) work that variations in the composition, equilibrium, etc., 
of the exploded products makes relatively little difference to the pressure in the water. The 
step-by-step calculations give no evidence on this point. 


(c) Variations of the equation of state of the water. 
. 


It will be seen from Figures 3 and 5, comparing Penney's original work with the present 
calculations, that the peak pressure distance curve is only affected by the change in the equation of 
state in the region very near the charge. However, the pronounced minimum in the pressure-time curve, 
which was such a disquieting feature of Penney's original results, has disappeared. It was suggested 
by one of us that this minimum had appeared due to Penney’s original equation of state giving too small 
a compressibility of water at high pressures, which surmise seems to be confirmed. 


kirkwood's (3) work indicates that minor changes in the constants of the equation of state, due 
to temperature and salinity changes, are of practically no importance. 


(d) Variations of the assumed initial conditions. 


Figure 4 gives a straight comparison of our calculations with those of Penney and Dasgupta. 
Apart from the fact that the equation of state for the gas is slightly different, the only change that 
has been made is that we have replaced the “detonation wave" conditions by the assumption that the gas 
is initially at rest. It will be noted that Penney and Dasgupta's curve crosses ours twice, and this 
would remain true even if one made a correction of the order of 5 or 10% to allow for the energy 
difference already referred to. On account of the fact that higher peak pressure in the water involves 
a more than proportional rate of wastage of energy at the shock-front, it is clear that this phenomenon 
of crossing over is to be expected. In another report it has been suggested by one of us that an 
affect of this kind (different detonation velocities and pressures) may account for the anomalous results 
observed with Torpex and Minol ||, Torpex being apparently better at great distances, while Mino) 11 
gives bigger deflections on the box model (small distances). An attempt is made to correlate this with 
the detonation properties, Torpex being a sensitive explosive, whereas Minol || is difficult to detonate. 


(e) The effect of adding Aluminium. 


Neither our calculations nor Kirkwood's(2) throw any light on the question of whether or not the 
effect of aluminium is due to “after—burning", i.e., to the time of reaction of the Aluminium with the 
other explosion products being comparable with the time of expansion of the gas Subble. In the 
calculations of the adiabatics it is assumed that the reaction of the Aluminium is virtually completed 
before the expansion begins. Leaving aside this point, it is clear from Figure 3 and Table VI that 
Kirkwood finds that the addition of Aluminium has hardly any effect on the peak pressure but lengthens 
the time-constant, while we find an appreciable increase in the peak pressure but practically no effect 
on the time-constant. Indeed, at 5 charge radii the time-constant for the aluminised explosive drops 
below that for T.N.T., this presumably being associated with the fact that the ratio of peak pressure 
is increasing in this region. At 30 charge radii our curves for peak pressure are approaching one 
another rapidly. and we should expect this decrease in the peak pressure ratio to be associated with 
an increase in the ratio of time constants, although we have no definite figures to bear this out. 

\f so, it means that the step-by-step and Kirkwood methods give similar predictions at large distances, 


in agreement with the experiments, which indicate practically no effect of the Aluminium on the peak 
pressure, but an increase in the time constant. 
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At small distances, however, the two theories are in fundamental disagreement as to what 
exactly the effect of adding Aluminium is. This disagreement is particularly serious because, in 
each pair of results, nothing has been changed except the adiabatic of the explosion products so that 
it is clear that either one or the other theory cannot be relied on near the charge, even for 
Comparison purposes. 


(f) The effect of neglecting the ingoing wave in the water. 


Comparison of the two sets of curves indicates at once that Kirkwood's(3) theory tends to give 
too high values for both peak pressure and time constant, but that the correction involved may well 
differ considerably for different explosives. 


(g) The effect of Kirkwood's exponential assumption. 


Kirkwood"s theory apparently involves a straight assumption that the pressure-time curve is 
exponential. The constants are determined by the initial conditions of continuity of pressure and 
velocity at the gas-water interface, and once this has been done the subsequent behaviour of the 
pressure pulse is determined entircly by the properties of water, the properties of the gas having 
no further chance of influencing the answer. We think that our results, showing as they do that the 
predicted form of the pulse is exponential, represent a distinct improvement, and also that there may 
be some way of determining the time constant which shall take account, by some averaging process, of 
part of the early history of the gas bubble, as distinct from the conditions at the initial instant 
only. At later instants, tne Q function in the water will have to be considered explicitly. This 
point will be investigated further. 


Conclusions. 


Apart from the exceptions noted above, it will be seen that the various theories are in 
reasonable agreement with one another and with experiment, and that the causes of many of the apparent 
discrepancies can be traced. The step-by-step calculations justify Kirkwood's(3) assumption of an 
exponent ial pressure pulse, but indicate that the determination of the constants of the exponential 
curve needs some method more elaborate than that used by Kirkwood(3), even if only comparisons of 
different explosives are wanted. It is probable that this method will need to take explicit account 
of conditions at the surface of the gas bubble at instants other than the Initial one. The Q 
function in the water is then not negligible near the gas bubble, and will probably have to be 
allowed for also. 
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Hydrodynamic Properties of Sea Water at the Front of a Shock Wave* 
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The Rankine-Hugoniot relations have been applied to appropriate equation-of-state data 
in order to calculate the propagation velocity, particle velocity, enthalpy increment, Riemann 
function, etc. at shock fronts of various amplitudes in sea water. One set of tables provides 
values over a wide pressure range (up to about 80 kilobars) and is principally intended for use 
in conjunction with theories of propagation of shock waves originated by underwater ex- 
plosions. A second set of tables contains values which are closely spaced up to pressures of 14 
kilobars. These are calculated with somewhat greater precision and are intended for use in con- 
nection with experimental measurements of particle and propagation velocities, etc. 


I. INTRODUCTION 


T has long been recognized that the velocity 
of propagation of sound waves of finite 
amplitude in a fluid medium is a function of the 
pressure in the wave. Lamb! ascribes the early 


*The work described in this report was performed 
under National Defense Research Committee Contracts 
OEMsr-121 with Cornell University and OEMsr-569 with 
the Woods Hole Oceanographic Institution. 

** Present address: Bell Telephone Laboratories, Inc., 
Murray Hill, N. J. 

*** Present address: Department of Physics, Stevens 
Institute of Technology, Hoboken, N. J. 

**** Deceased. 

1H. Lamb, Hydrodynamics (Cambridge University Press, 
London, 1932) 6th Ed., p. 481. 


development of the theory to independent inves- 
tigations of Earnshaw and Riemann. Qualita- 
tively this work indicated that, since the higher 
pressure portions of a wave travel with greater 
velocity, an arbitrarily-shaped pressure pulse of 
finite amplitude must, during propagation, alter 
its shape in such a manner as to build up into a 
shock front. By applying the laws of conserva- 
tion of mass, energy, and momentum to the 
transfer of matter across the shock front, 
Rankine and Hugoniot obtained a set of three 
relations among the five variables: pressure, 
density, particle velocity (u), shock front 
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velocity (U), and enthalpy increment (AH). 
These relations, when applied to data on the 
equation-of-state and specific heat, make it pos- 
sible to calculate u, U, and AH and to evaluate 
certain other functions applicable to the theory 
of the formation and propagation of shock waves 
originated by explosions.’ 

Precise knowledge of wu and U also makes it 
possible to calculate shock wave pressures in 
cases where the particle velocity or propagation 
velocity can be measured. The purpose of the 
calculations described below was to apply the 
Hugoniot relations to appropriate equation-of- 
state data for sea water in order to provide (a) 
tables of the desired functions up to very high 
pressures (ca. 80 kilobars) for use in the theory 
of propagation of underwater explosion waves,” 
and (b) tables of particle and propagation 
velocity at fairly close pressure intervals in a 
lower pressure region (up to ca. 14 kilobars). 


II. OUTLINE OF THE THEORY AND COM- 
PUTATIONAL PROCEDURES 


In this section we give an account of the 
hydrodynamical and thermodynamical relations, 
and the computational procedures leading to the 
numerical results tabulated in Sections III and 
IV. For the convenience of the reader a glossary 
of symbols is presented in Appendix III. 

When a shock wave advances with velocity U 
into a stationary fluid of unperturbed pressure 

2J. G. Kirkwood and H. Bethe, The Pressure Wave 
Produced by an Underwater Explosion (Dept. of Commerce 


Bibliography No. PB 32182), OSRD Report No. 588, 
Part I. 
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po and specific volume vo, the pressure p, specific 
volume v, and particle velocity u of the fluid 
behind the shock front are determined by the 
Rankine®-Hugoniot! conditions, which express 
the conservation of mass, momentum, and 
energy of an element of fluid passing through the 
front. For the purposes of this paper, these con- 
ditions may conveniently be written 


u=[(p—Po)(vo—») |}, (Zt) 
U=voL(p—po)/(vo—v) }, (2.2) 
AH = (i/2)(p— po) (v+00). (2.3) 


In the last equation, AH is the specific enthalpy 
increment of an element of fluid when it passes 
through the front. The specific enthalpy is de- 
fined as the sum of the internal energy per gram 
and the pressure-volume product, pv. 

Given equation of state and specific heat data 
for the fluid, any three of the variables p, v, U 
and u may be determined as functions of the 
fourth. Here we shall regard p as the independent 
variable. For certain hydrodynamic applications 
we must have, in addition to v, U, and uw as 
functions of p, the sound velocity 


c=(0p/dp)*s; p=1/2, 


the Riemann o-functiont 


(2.4) 


He f [oLe’, SVWelp', STldp’, (2.5) 


Po 


and the undissipated enthalpy 


w= f vLp’, S]dp’, (2.6) 


Po 
where S is the entropy. 

In practice, one must resort to successive 
approximations to effect a reduction of the 
Hugoniot conditions, combined with equation-of- 
state and specific heat data, to a set of relations 
expressing wu, U, and v as functions of p. To this 

3W. J. M. Rankine, Trans. Roy. Soc. London, A160, 
277 (1870). 

4H. Hugoniot, J. de l’ecole polyt. 51, 3 (1887); 58, 1 
(1888). 

+ The Riemann o-function occurs in Riemann’s form of 


the hydrodynamical equations, which, for the case of 
spherical symmetry, may be written (see reference 1): 


[(0/dt) + (c+) (0/dr) \(o+u) = —2cu/r, 
[(@/dt) — (c—u)(8/dar) \(e—u) =0, 


where ¢ is the time and r is the radial coordinate: The 
other quantities have already been defined. 


WATER AT 
end, it is expedient first to consider certain 
quantities as functions of pressure and tem- 
perature, p and 7, or pressure and entropy, p and 
S. Before proceeding to a more detailed dis- 
cussion of the calculations it may perhaps help 
to orient the reader if we consider, qualitatively, 
contours of some pertinent quantities in the p-T 
plane. In Fig. 1, the possible states of a given 
fluid just behind the shock front lie along a single 
curve, which we have labeled ‘‘Hugoniot.’’ An 
element of fluid initially in the state (po, To) 
which has attained a state (p, 7) just behind 
the shock front finally returns to a state (po, 71) 
along the adiabatic, so labeled in the figure. Also 
included are the designations of a few points on 
a p—S basis using square brackets according to 
the convention introduced in Part b of this 
section. In general, 7; is larger than 7) because 
of the dissipation occuring at the front. The 
central part of our problem is the determination 
of the Hugoniot curve. 

We shall consider in Part a the calculations 
due to Arons and Halverson® which are intended 
to be accurate in the range of relatively low 
pressure (ca. 0 to 20 kilobars). These results as 
stated in the introduction are intended for the 
determination of the peak pressure of a shock 
wave from measured values of the shock front 
velocity U or particle velocity u. In Part b, we 
shall consider the calculations of Kirkwood and 
Richardson,® the results of which were originally 
intended for the applications of the shock wave 
propagation theory of Kirkwood and Bethe? 
which required data over a higher range of pres- 
sures (ca. 20 to 50 kilobars). 


a. Calculations of Arons and Halverson 


Here we outline the calculations’ suitable for 
the relatively low pressure range (ca. 0 to 20 
kilobars) based upon the equation-of-state and 
specific heat data discussed in detail in Appendix 
I. For the range 0 to 1.5 kilobars, the Ekman 
equation-of-state was used; in the range 0 to 25 


5 A. B. Arons and R. R. Halverson, Hugoniot Calcula- 
tions for Sea Water at the Shock Front, OSRD Report 
No. 6577, NDRC No. A-469. 

§ J. G. Kirkwood and J. M. Richardson, The Pressure 
Wave Produced by an Underwater Explosion, Part IIT, OSRD 
Se No. 813 (Dept. of Commerce Bibliography No. PB 

7J. G. Kirkwood and E. Montroll, Pressure Wave 
Produced by an Underwater Explosion, II, OSRD Report 
No. 676 (Dept. of Commerce Bibliography PB-32183). 
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kilobars, the Tait equation-of-state, 


v(0, 1’) —v(p, T)/v0, T) = (1/n) logl1+p/B()], 
t=(T—273.16)°C. (2.7) 


In the first case, the initial temperature was 
to=15°C; in the second, to =25°C. In both cases, 
the initial pressure po>=0. Neither of the two 
equations-of-state are complete in the sense that 
vo=v(0, T) must be determined by auxiliary 
thermal expansion data (also discussed in Ap- 
pendix I). 
We express the enthalpy and volume incre- 

ments 

AH=H(p, T)—H(0, To), 

Av=v(p, T) —v(0, To), 
in terms of line integrals, first along an isobar 
from (0, 7) to (0,7) and, secondly, along an 
isotherm from (0, 7) to (p, T) (see Fig. 1). For 
the enthalpy increment we obtain 

AH =A,H+ArH, 


T 


(2.8) 


A,H= 4 G0; Pde ean 
= ha (2.9) 
P du(p’, 

artt= fi Ee 1)-T——— Jap’, 
0 

I na 


where c,(0, 7) is the specific heat extrapolated to 
zero pressure and ¢, is the mean of c, over the 
temperature range AT. 

For the volume increment we obtain 


Av=A,v-+Azrv, ‘ 
A,v=v(0, T) —v(0, To) =BoAT, 
Arv=v(p, Tp) —v(0, Jf), 


where Bp is the mean thermal expansion at zero 
pressure over the temperature range AT. 
From the last Hugoniot condition, Eq. (2.3), 
and Eq. (2.9) we obtain 
T [v(0, To) +(1/2) (Arv) |p —ArHT 
Cp— (1/2) (Bop) 
where ArH is to be calculated by means of the 
third of Eq. (2.9) and the appropriate equation- 
of-state, and where A7v is to be obtained from 
compressibility data. The right-hand side of Eq. 
(2.11) depends, of course, on the temperature T. 
The determination of AT is accomplished by the 
method of successive approximations. A trial 


(2.10) 


- (34) 
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TaBLE I. U—co/co, u, and AH in low pressure region 
(based on Ekman equation-of-state). Sea water: Initial 
temperature 15°C; salinity 32 parts per thousand (3.79 
wt. percent NaCl); co=4922.8 ft/sec = 1500.5 m/sec. 


A B 
U —co u AH U —co u AH 
t—Po co (m/ (cal/ p—po co (ft / (cal/ 
(kbar)  (%) sec) gm) (Ib /in?) (%) sec) gm) 
0.00 0.00 0.0 0.0 0 0.00 0.0 0.0 
.25 2.07 aly! 5.8 2,000 1.14 29.1 3.2 
50 4.03 31.2 11.5 4,000 2.27 57.6 6.4 
.75 5.93 46,2 iene 6,000 3.35 85.5 9.6 
199 7.81 60.5 23.0 8,000 4,43 112.9 12.7 
1.25 9.65 74.4 28.5 10,000 5.48 139.7 15.9 
1.50 11.44 87.7 34.1 12,000 6.53 166.0 19.0 
14,000 7.56 191.8 22.1 
16,000 8.58 217.1 25.2 
18,000 9.59 242.0 28.3 
20,000 10.57 266.5 31.4 
22,000 11.55 290.6 34.5 


TaBLE II. U—co/co, u, and AH in intermediate pressure 
region (1.5 to 25 kilobars) (based on Tait equation-of- 
state; 7=7.800, B =3.012). Sea water: Initial temperature 
25°C; salinity 32 parts per thousand (3.79 wt. percent 
NaCl): co=5014.7 ft/sec= 1528.5 m/sec. 


A B 

U —co u AH U —co u AH 
p—po co (m/ (cal/ p—DPo co (ft / (cal/ 
(kbar) (%) sec) gm) (b/in?) (%) sec) gm) 
0.0 0.00 0.0 0.0 0.0 0 0.0 
1.0 8.18 59.2 23.0 20,000 11.0 258 Sis 
1.5 11.88 85.5 34.2 30,000 15.8 375 46.6 
2.0 15.39 110.1 45.3 40,000 20.5 483 62.0 
2.5 18.71 135.0 56.3 50,000 24.7 584 77.0 
3.0 21.88 157.8 67.2 60,000 28.7 676 92.0 
4.0 27.84 200.5 88.8 70,000 32.5 767 107.0 
5.0 33.39 240.2 110.1 80,000 36.0 853 121.0 
6.0 38.59 277.5 131.2 90,000 39.4 937 135.0 
8.0 48.13 346.1 172.9 100,000. 42.8 1014 150.0 
10.0 56.73 408.9 214.0 120,000 49,2 1168 178.0 
12.0 64.70 466.9 254.8 140,000 55.2 1312 207.0 
14.0 72.25 510.9 295.2 160,000 60.8 1445 235.0 
25.0 108.40 709.1 514.4 180,000 66.3 1564 263.0 
200,000 71.5 1662 291.0 


value of AT is used in evaluating the right-hand 
side giving a more accurate value of AT on the 
left-hand side, and the process is repeated until 
the results of two successive steps differ by a 
sufficiently small amount. One or two steps 
generally suffice. 

We have thus obtained T as a function of p 
along the Hugoniot curve (see Fig. 1). It is now 
possible to calculate immediately the particle 
velocity u, the propagation velocity U, and the 
specific volume v as functions of p behind the 
shock front. The results using the Ekman 
equation-of-state and the Tait equation-of-state 
are tabulated in Tables I and II, respectively, of 
Section ITI. 


b. The Calculations of Richardson and Kirkwood 


Here we outline the calculations® intended for 
the applications of the shock wave propagation 
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theory of Kirkwood and Bethe.” These are based 
upon the equation-of-state and specific heat 
data discussed in detail in Appendix II. We 
use a modified Tait equation-of-state connecting 
v(p, T) and v(0, 7) to be discussed below. In 
most respects, the data is made to fit the proper- 
ties of an aqueous 0.7 molal NaCl solution 
assumed to be roughly equivalent to sea water 
of salinity s=32 parts per thousand (see Section 
1 of Appendix 1). 

In these calculations the initial pressure po is 
taken to be zero, and several different initial 
temperatures JT» are used: 0°C, 20°C, and 40°C. 

Before indicating the precise nature of the 
modification of the Tait equation, it is desirable 
to mention that in this part two different pairs 
of independent variables will be used: pressure 
and temperature (p,7), and pressure and 
entropy [p,S]. Consequently, in order to 
indicate which pair are used in a function, we will 
use parenthesis to indicate the first pair and 
square brackets to indicate the second, 1.e. 
v(p, T) and o[p, S]. 

The modified form of Tait equation introduced 
by Kirkwood? ® is 


log(v1/v) = (1/n) log(1+p/ALS]), 
where 


v=o[p, S]=v(, TLp, S}), u=2[0, SI, 
(see Fig. 1) 2 is an empirical constant, and the 
function A[.S] is related to the function B(¢) in 
the original isothermal form of the Tait equa- 
tion, Eq. (2.7), as follows, 


A[S]=B([0, S]), #=(1—273.16)°C.. (2.13) 


The reasons for introducing this modification of 
the Tait equation are at least twofold: (1) the 
anomaly of a vanishing specific volume u(p, 7) at 
a finite pressure along a given adiabatic (which 
does not differ markedly from the Hugoniot curve 
in the case of water) is removed to a higher pres- 
sure by replacing [v(0, 7) —v(p, T) ]/[v(0, T) ] 

TABLE III. Values of U—co/co for different temperatures 


and salinities at a shock wave peak pressure of 1.00 
kilobar. 


(2.12) 


Salinity Temperature U —co/co 
(parts per 1000) (°C) (%) 
32 15 7.81 
32 25 7.81 
35 15 7.76 


WATER 


by log(vL0, S]/vLp, S]), and (2) the calculation 
of quantities defined by line integrals along 
adiabatics is greatly simplified by taking S 
instead of T as one of the independent variables. 

The function A[.S] is related simply to c;, the 
sound velocity at zero pressure and entropy S 
according to Eq. (2.4) as follows 


AES —ci2/non;s  ci—cO} S|: (2.14) 


On the basis of Bridgman’s p-v—-T data for pure 
water, an average value of 7 equal to 7.15 has 
been selected for the present calculations. In 
Section 2 of Appendix II, it is shown that x 
deviates from this value by less than 4 percent 
in a large pressure-temperature field bounded by 
adiabatics starting at zero pressure and tem- 
peratures of 20°C and 60°C, respectively, and 
extending to pressures of 25,000 kg/cm’. We 
assume that has the same value for an aqueous 
0.7 molal NaCl solution as for pure water, and 
we obtain by interpolation the required values 
of B(t) from R. E. Gibson’s values of B(t) for 
dilute aqueous NaCl solutions (see Appendix II, 
Section 1). The appropriate heat capacity and 
thermal expansion data are discussed in Section 
1 of Appendix II. 

We now proceed to the calculation of the 
quantities u, U, c, ¢, and w. We first express these 
quantities with use of Eq. (2.12) in terms of p, 


v=v(p, T)=vLp, S], vo=v(0, To), 


v1=0(0, 71) =2[.0, S], and c1=c(0, 71) =c[0, S] 
(see Eqs. (2.1)—(2.6), also Fig. 1) as follows: 


u=[p(vo—2) }, (2.15) 
U=pvo/u, (2.16) 
C—G Ui) 0) te)! CDE yp) 
2c, 
c= [(a1/v) *-PP—1], (2.18) 
a 
cr 
a= [(v1/v)"—1], (2.19) 
n—1 


Once the temperature 7), to which an element 
of fluid returns along the adiabatic intersecting 
the Hugoniot curve at (p, 7), is determined, all 
of the above quantities may be determined as 
functions of p. To accomplish this, the enthalpy 
increment, AH, occurring in the third Hugoniot 
condition, Eq. (2.3), is written as the sum of two 
line integrals, the first along an isobar from 
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(0, To) =[0, So] to (0,7:)=[0,S] and the 
second along an adiabatic from (0, 7:) =[0, S] 
to (p, T)=[p, S] (see Fig. 1), giving: 
AH=w-+h, 


w= f vp’, S|dp’, (2.20) 
0 
Ss Ty 
h= T{0, styus’= f Ga (Olea) die 
Tr 


So 0 


where w is the undissipated enthalpy already 
defined by Eq. (2.6) with p)>=0 and given ex- 
plicitly in terms of ci, v1, and v in Eq. (2.19). 
The dissipated enthalpy h can be determined as 
an explicit function of 7) and T; from specific 
heat data (Appendix II, Section 1). Combining the 
third Hugoniot condition, Eq. (2.3), with Eqs. 
(2.19) and (2.20) we obtain the relation 


h 1 n+1 
= |» gt | 
cy Qn n—1 
V1 —V0 
= G=)l), 12-21) 
nv, 


TaBLE IV. Properties of sea water at a shock front. 
(Initial temperature 0°C; salinity 0.7 m NaCl; Co= 1443 
m/sec.) 


Dp u U c o w X10-6 h v 
(kilo-  (m/ (m/ (m/ (m/ (m/ (joule/ (cm3/ 
bar) sec) sec) sec) sec) sec)? gm gm) 

0 0 = = 0 0 0 0.9915 

5 257.0 1930 2190 253.5 0.4565 6.740 8593 
10 433.0 2290 2720 420.5 0.8720 25.80 8040 
15 575.0 2585 3145 552.0 1.270 54.40 7710 
20 697.5 2845 3510 664.0 1.655 86.55 «7483 
25 805.5 3075 3835 763.5 2.030 122.5 .7319 
30 905.0 3285 4125 855.5 2.405 160.5 .7186 
35 997.0 3480 4395 940.5 2.770 201.5 -7075 
40 1080 3665 4640 1020 3.140 244.0 .6989 
50. 1240 5095 1175 3.860 331.0 -6842 
60 1385 4300 5495 1315 4.575 419.0 .6728 
70 1515 4585 5870 1455 5.285 509.0 6641 
80 1635 4855 6225 1585 6.000 595.5 .6579 
90 1740 5120 6570 1705 6.730 676.0 -6542 

TABLE V. Properties of sea water at a shock front. 


(Initial temperature 20°C; salinity 0.7 m NaCl; Cp=1517 
m/sec.) 


p u U c o w X10-6 h v 
(kilo- (m/ (m/ (m/ (m/ (m/ (joule/ (cm3/ 
bar) sec) sec) sec) sec) sec)? gm) gm) 

0 0 — _ 0 0 0 0.9929 

5 251.0 1975 2230 248.5 0.4595 5.570 8668 

10 425.5 2335 2755 415.5 0.8790 23.45 8120 

15 567.0 2630 3175 549.0 1.280 49.35 7787 

20 689.0 2880 3535 663.0 1.670 80.05 7555 

25 798.0 3110 3855 765.0 2.050 115.0 .7381 

30 897.5 3320 4140 859.0 2.425 152.5 7243 

35 990.0 3510 4405 946.5 2.795 192.0 7130 

40 1075 3690 4650 1030 3.160 233.0 7034 

50 1235 4020 5100 1185 3.885 317.5 6880 

60 1380 4325 5505 1330 4.605 404.5 .0705 

70 1510 4610 5880 1465 5.320 489.5 .6679 

80 1625 4885 6240 1600 6.050 573.5 -6626 
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TABLE VI. Properties of sea water at a shock front. 
{Initial temperature 40°C; salinity 0.7 m NaCl.) 


p u U c o w X1078 h v 
(kilo-  (m/ (m/ (m/ (m/ (m/ (joule/ (cm3/ 
bar) sec) sec) sec) sec) sec)? gm) gm) 

0 0 = = 0 0 0.9993 

5 249.5 2005 2255 247.0 0.4630 5.59 -8749 

10 423.5 2360 2775 415.0 0.8870 22.75 -8198 

51 566.5 2645 3195 550.0 1.290 48.30 -7859 

20 689.0 2900 3550 666.5 1.685 78.70 7621 

25 798.5 3130 ©3865 770.5 2.065 113.5 7441 

30 899.0 3335 4150 866.0 2.445 151.0 7298 

35 992.0 3525 4415 955.5 2.815 189.5 7179 

40 1080 3705 4660 1040 3.185 230.5 .7080 

50 1240 4035 5110 1200 3.915 315.0 -6926 

60 1380 4340 5515 1345 4.640 400.5 -6813 

70 1510 4635 5900 1485 5.370 483.0 -6737 
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where y=(v;/v)”. With the aid of tables of n/c 
and 2; as functions of 7; and To, Eq. (2.21) may 
be solved by successive approximations giving T, 
as a function of the parameter y. Since the equa- 
tion of state, Eq. (2.12), may be expressed 
simply as p=B(7T1—273.16)[y—1], the tem- 
perature 7, may be determined as a function of 
the pressure p by a tabular elimination of y. By 
graphical interpolation, 7, is finally determined 
for the desired integral values of p (in kilobars), 
and the functions u, U, c, o, and w are then com- 
puted as functions of p by means of Eqs. (2.15)— 
(2.19). 


III. NUMERICAL RESULTS OF ARONS AND 
HALVERSON 


In fundamental shock wave studies, it is fre- 
quently necessary to know values of U—co/co 
and « at given pressure levels to the highest 
possible degree of accuracy. With this object in 
view, the calculation methods described in 
Section 2A were applied to the best available 
equation-to-state data. The numerical results are 
given in Tables I and II. A critical discussion of 
the equation-of-state data will be found in Ap- 
pendix I together with references to the sources 
from which they were obtained. 

Table I gives results for the ‘‘low pressure” 
region, covering shock wave peak pressures of 
from 0 to 1.50 kilobars (ca. 22,000 p.s.i.). The 
calculations in this table were based upon the 
Ekman equation-of-state for sea water (see Ap- 
pendix I) which is used in the calculation of 
sound velocity for echo-ranging tables. 

Since the Ekman equation deviates appreci- 
ably from experimental compressibility data at 
pressures exceeding 2 kilobars, this equation was 
abandoned in the ‘intermediate pressure’ region. 
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The results in Table II are applicable principally 
to the region between 1.5 and 14 kilobars (ca. 
200,000 p.s.1.) and are based on a careful fit of 
the Tait equation to Adams’s experimental com- 
pressibility data (see Appendix I). 

Tables I and II were computed for certain 
specific values of temperature and sea water 
salinity (equivalent to 0.675 molal NaCl), and 
it is shown in Table III that the value of 
U—co/co is not very sensitive to changes in these 
variables. 


IV. NUMERICAL RESULTS OF KIRKWOOD 
AND RICHARDSON 


In Tables IV to VI, the particle velocity u, the 
shock front velocity U, the sound velocity c, the 
Riemann o-function, the undissipated enthalpy 
w, the dissipated enthalpy h, and the specific 
volume v of sea water (0.7 molal NaCl solution) 
are presented as functions of pressure p along 
three Hugoniot curves, starting at zero pressure 
and the temperatures 0°C, 20°C and 40°C, 
respectively. These results have been calculated 
by the procedures of Part b of Section 2 and 
the data of Appendix II. The results above 30 
kilobars represent extrapolations beyond the 
range of experimental data; consequently the 
validity of the results above, say, 50 kilobars, is 
questionable. 

In closing this discussion of the calculations, 
the authors wish to acknowledge their gratitude 
and appreciation to Professor J. G. Kirkwood of 
Cornell University for his contributions in 
initiating the work and in supplying valuable 
guidance and advice. 


APPENDIX Itt 
1. Salinity and Temperature Conditions 


All calculations were made for sea water 
having a salinity of 32 parts per thousand (the 
average salinity of sea water at Woods Hole, 
Massachusetts). Salinity is defined in terms of 
directly measured chlorinity as: 


s=0.030+ 1.8050 Cl 


where s and Cl are expressed in parts per 
thousand. 
It was calculated from the average composition 


tf Equation-of-state data used in computation of 


Tables I and IT. 


WATER 


of sea water that (on the basis of omic strength) a 
salinity of 32 parts per thousand is equivalent 
to an NaCl solution having a molality of 0.675 
or a weight percentage of 3.79 percent NaCl. 

Table I was computed for an initial tempera- 
ture of 15°C because this temperature is a rough 
average of conditions normally encountered in 
experimental work. Table I] was computed for 
an initial temperature of 25°C because this was 
the temperature quoted for the available com- 
pressibility data.8 Table III shows that the 
results are not sensitive to small variations in 
temperature and salinity. 


2. Specific Volume and Coefficient and 
Thermal Expansion 


The best sources of data seem to be the 
oceanographical tables of Knudsen.® Second 
power equations in ¢(°C) were fitted to the data 
tabulated for s=32: 


For Table I: 


v(t) = 0.977094 2.05 x 10-4(t— 15) 

+4 X 10-8(t—15)2. 
For Table II: 
v(t) =0.97956+2.85 K 10-4(t— 25) 

+4 xX 10-§(t—25)?. 


3. Heat Capacity 


The heat capacity data used in computing 
Tables I and II are those quoted by S. Kuwa- 
hara :!° 


Cp = Cp —0.0004226¢-+0.0000063212 cal./gm°C, 


TaBLE VII. Comparison of experimentally measured 
sound velocity with calculations based on the Ekman 


Compressibility Equation. (Salinity=31.7 parts per 
thousand.) 
Temperature Velocity of sound (ft/sec) Deviation 

(3G). Measured Calculated (%) 
10.9 4887.7 4875.6 0.26 
11.6 4885.8 4883.8 0.04 
11.6 4893.1 4883.8 0.19 
11.5 4902.4 4882.5 0.41 
11.1 4888.3 4878.5 0.20 


8 Adams, J. Am. Chem. Soc. 53, 3769 (1931). 

° Oceanographical Tables, Comissariat of Agriculture, 
USSR, Moscow, 1931. (A general compilation of oceano- 
graphic data by N. N. Zubov.) 

10S. Kuwahara, Velocity of Sound in Sea Water and 
Calculation of the Velocity for Use in Sonic Sounding 
(Hydrographic Dept. I.J.N. Tokyo, 1938). 
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TaBLE VIII. Comparison of Adams’s experimental 
compressibilities and the empirical fit given by the Ekman 
and Tait equations. 


(v0 —v) /vo 
Adams Ekman Tait* equation 
(experimental) equation n =7.800 
je Pure 3.79% S =32 B=3.012 n =7.445 
(kbar) H20 NaCl (Table 1) (Table II) B=3.156 
0.0 0.0000 0.0000 0.0000 0.0000 0.0000 
0.5 -0212 .0196 -0198 .0197 -0198 
1.0 -0393 .0368 -0370 -0368 -0370 
1.5 -0555 -0522 -0522 -0518 -0522 
2.0 -0699 -0658 -0655 0653 0659 
3.0 0945 -0894 0871 .0887 .0897 
4.0 1152 -1091 = -1083 -1095 
5.0 -1330 1265 a= 1254 SPAS) 
6.0 -1485 1417 — .1405 1431 
7.0 -1622 1552 = -1540 © -1569 
8.0 .1746 .1670 —= -1662 -1695 
9.0 1858 1781 = 1775 .1812 
10.0 1964 -1886 a -1876 -1917 
11.0 .2059 .1980 — .1972 -2017 
* (vo —v) /vo =(1/n) log(1+p/B). 
where 
Cy = 1.005 — 0.004136s +9.0001098s? 
—0.000001324s°. 


In the above equations, ¢ is temperature in °C 
and s is salinity in parts per 1000. These data 
are in good agreement with those used by Kirk- 
wood and Richardson, quote in Appendix II. 


4. Compressibility Data for Low Pressure Region 
(Table I) 
The following equation was used in computing 
Table I: 


10°u = —[227-+28.33t—0.551¢? 


1+0.183p 
+0.004t°]+ [105.5 +9.50¢—0.158/2] 


y—28 
—1.5p74— (7) c147.s—2.100 


+0.04t2—p(32.4—0.87/+0.022) ] 


y—28\? 
+( ‘3 ) (45-0.11—p(1.8-0.060), 


where p is pressure in kilobars, ¢ is temperature 
in degrees centigrade, and y is defined by: 


v=vo(1—pp), 
y is defined by: 


7 = —0.069+ 1.4708 Cl—0.001570 Cl? 
+0.0000398 Cl#. 


380 
792 


The above empirical equation for sea water 
compressibility is due to Ekman" and has been 
widely used for computation of sound velocity 
in sea water..°!2 The validity of the Ekman 
equation for sound velocity calculations was 
verified experimentally as indicated in Table VII. 

Experimental sound velocity measurements 
were made by recording with a rotating drum 
camera the signals applied to a cathode ray 
oscilloscope by two very small piezoelectric 
gauges placed a known distance apart. The sound 
source was a No. 8 detonator cap placed far 
enough away from the gauges so that the effect 
of finite pressure amplitude was less than 0.03 
percent. An error of about 0.2 percent was in- 
herent in the experimental work owing to slight 
errors in the alignment of the two recording 
gauges with the sound source. This accounts for 
the magnitude and systematic nature of the dis- 
crepancy apparent in Table VII. 

Further verification of the applicability of 
Ekman’s equation in the region up to 1.50 
kilobars is given in Table VIII where values ob- 
tained from the equation are compared with the 
experimental values of Adams for NaCl solutions. 


5. Compressibility Data for Intermediate Pres- 
sure Region (Table II) 


As indicated in Part 1 of this appendix, a sea 
water salinity of 32 parts per thousand cor- 
responds to a 3.79 weight percent solution of 
NaCl. The compressibility of NaCl solution of 
this concentration was obtained by graphical 
interpolation of Adams's data.® 

The Tait equation in the form: 

v(0, T)—v(p, T)/v(0, T) = (1/n) logli+p/B) ], 
t=(T—273.16)°C 
was then fitted to Adams's data. In an effort to 


TABLE IX. Values of » computed from p—v—T data 
(using »=7.15 in computation of AT). 


pe Pp (kg/cm?) 

(°C) 5000 15,000 25,000 
20 7.211 7.183 7.130 
40 7.360 7.126 6.969 
60 7A\1 7.054 6.868 


* t9=centigrade temperature through which the adiabatic for S 
passes at zero pressure. 


uV. W. Ekman, Publications de Circonstance No. 43 
(Conceil Permanent Internationale Pour L’Exploration de 
la Mer. November 1908). 

12 Matthews, Tables of the Velocity of Sound in Pure 
Water and Sea Water for Use in Echo Sounding and Sound 
Ranging (Hydrographic Dept., Admiralty, H.D. No. 282). 
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check the Tait equation against the Ekman 
equation used for computation of Table I, a fit 
was first made to the lower pressure region. 
Values of n and B(25°C) were so selected that the 
equation not only fitted the data of Adams with 
adequate precision but also yielded the correct 
velocity of sound in the limit of zero pressure. 
This additional restriction (that the equation 
give C)=1528 m/sec. at 25°C and s=32) required 
that nB(25°C) = 23.497, the latter relation being 
obtained from the thermodynamic equations: 


(4 Vo" (2) 
Op 2 Co” Cp oT ms 


ov Vo 
(—) =— at p=0. 
Op T nB(t) 


In this case 7 was taken as 7.445 and B(25°C) 
as 3.156 kilobars, and the resulting equation fits 
the data of Adams quite closely up to pressures 
of about 4 kilobars as shown in Table VIII. For 
purposes of further calculation, the temperature 
variation of B was assumed to be the same as that 
used by Kirkwood and Richardson on the basis 
of a private communication from Gibson (see 
Appendix II). Calculation of U—¢o/co at 1.00 
kilobar yielded a value of 7.85 percent, in good 
agreement with the value of 7.81 percent ob- 
tained from the Ekman equation. 

Having verified the accuracy of results ob- 
tained from the Tait equation when fitted as 
described above, the same technique was used to 
fit the equation to the intermediate pressure 
range (up to-values for 11 kilobars quoted by 
Adams; it was assumed safe to extrapolate the 
resulting equation to pressures of 14 or 15 kilo- 
bars). It was found that the best fit of the data 
as well as a correct value for the velocity of 
sound were obtained by taking »=7.800 and 
B(25°C) =3.012, the temperature variation of B 
again being assumed to be that mentioned above. 
The Tait equation containing these parameters 
was then used for the computation of Table II. 
The fit of the equation to Adams’s data is shown 
in Table VIII. 
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1. Data Employed in the Computations of Part 
B of Section II 

In the modified Tait equation, Eq. (2.12), the 

function A[.S]=B(t), where t=T[0, S]— 273.16, 


WATER 


is determined from the empirical values of B(t), 
fitting the original isothermal Tait equation, Eq. 
(2.7), to experimental data. R. E. Gibson™ gives 
third-degree t-expansions of B(t) for various 
molalities of NaCl. By interpolating the coef- 
ficients (the constant term numerically and the 
other graphically) for a molality of 0.7, one 
obtains B(t)=3.134—1.65 X10-4(t—55) —1.181 
X 10-4(¢—55)?+5.32 X 10-7(t—55)8 kilobars. 

The specific heat c,(0, 7) for a 0.7 molal NaCl 
solution was obtained by interpolation from the 
values quoted in the International Critical Tables 
and Physikalischchemtische Tabellen. The resulting 
set of values is fitted adequately by the ex- 
pression 


c,(0, £+273.16) =3.9644-+4 6.24 
X 10~4t joule/gm. deg. 


From Gibson and Loeffler“ a set of values of 
v(0, 7) covering the range from 25°C to 95°C 
inclusive was obtained for a 0.7 molal NaCl 
solution by means of empirical equations giving 
v(0, 7) as a function of concentration for each 
temperature. In extrapolating to higher tem- 
peratures, the relation, 


v(0, £273.16) =0.994150+ 2.929 x 10-4(t— 25) 
+3.241 x 10-§(t— 25)? cm3/gm. 


was used ; for lower temperatures (¢<10°C), 


v(0, £+273.16) =0.991442 + 6.025 
X 10-*(t— 3.8)? cem3/gm. 


2. Test of the Modified Tait Equation with 
Bridgman’s Data for Pure Water. Deter- 
mination of the Characteristic 
Constant n. 


The modified Tait equation-of-state, Eq. 
(2.12), may for our present purposes be written 
in the form 


log(2L0, SJ/vLp, SJ) 
=(1/n) log(1+p/A[S])  (II-1) 


where A[.S] is related to the B(t) in the original 
isothermal equation of state as follows, 


A[S]=B(to), 
to= T»—273.16, (II-2) 
T,=T[0, S]. 


13 Private communication. 
M4 Gibson and Loeffler, J. Am. Chem. Soc. 53, 443 (1941). 
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According to the convention introduced in Part 
B of Section II, parentheses ( ) after a function 
denotes that the independent variables are p and 
T, whereas square brackets [ ] denote that they 
are p and S. 

Now we wish to test Eq. (II-1) with Bridg- 
man’s!® p-v-T data for pure water with the 
ultimate object of finding the best value for n. 
We assume implicitly that 2 does not vary 
rapidly with NaCl concentration. To make the 
comparison, we first must know the values of the 
temperature JZ corresponding to the various 
points [p, S], the calculation of which we con- 
sider below. 

Letting 70, SJ=To, Tip, S]=T, and F—TLo 
= AT, we have 


> aT[p, S > ofp, S 
cal aes “p= f == Jip. (11-3) 


0 Pp 0 


Using Eq. (II-1), a simple calculation yields 
me WiLalg/Ayuas +D)(1+p/A) 
—(n+D)(1+p/A)""-+-n—1], (I-A) 
where 

A=A[S]=B(éo), 

po S] ic TB’ (to) -v(0, To) 

n—1 (1—1)-c,(0, To) 

dvL0, S] 
aS mB(te)Bo 
A'TSWLO, S]  B’(to)0(0, Ta)’ 


av(0, ~) 
out T= 1p 


’ 


nALS | 


o= 


To calculate T, given a specified p and 
T)=T7[0, S], a tentative value of 2=7.15 was 
chosen for use in Eq. (II-4). The corresponding 
value of vl p, S]=v(p, T) was obtained by inter- 
polation from Bridgman’s'® p-v-T data. In- 
serting these values of o[ p, S] in Eq. (II-1), and 
knowing the values of v[0,S]=v(0, 7c) and 
B(to) for pure water, a set of values of ” was 
calculated for p=5,000, 15,000, 25,000 kg/cm? 


1s Bridgman, J. Chem. Phys. 3, 597 (1935) and private 
communication. 
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and to=7»—273.16=20°, 40°, 60°C, the results 
summarized in Table IX. 

Additional data (for pure water) used in Eqs. 
(II-1) and (11-4) were 


B(t) =2.996 +7.285 x 10-3(t — 25) — 1.790 
x 10-*(t— 25)? +6.13X10-7(t—25)? kilobars,'* 


and 
1 0 loguv(0, 273.16+42) 
2.303 at 


2(t—3.98) 
~ 244,860-+15,040(¢—3.98)° 
(0.62) (15,040) (t— 3.98) 1-2 
~ [244,860-+15,040(¢—3.98)9-62 7}? 


obtained from Ipatov’s!® empirical equation for 
v by differentiation. 

The average value of n is 7.146. In the present 
calculations this value has been rounded off to 
dels 

The entries in Tables IV, V, and VI therefore 
contain more significant figures than the test 
justifies..On the basis of the test, the errors 
associated with the use of the modified Tait 
equation are of the order of several percent. In 


16]. V. Ipatov, J. Phys. Chem. (U.S.S.R.) 5, 1230 (1934). 
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particular, the results obtained for low pressures 
will disagree with known data by several percent. 


APPENDIX III 
Symbols 


A{.S]=parameter in modified (‘‘adiabatic’’) Tait equation- 
of-state. 
B(t)=parameter in isothermal Tait equation-of-state. 
c=local velocity of sound. 
Co=velocity of sound at zero pressure. 
Cp=specific heat at constant pressure. 


h=dissipated enthalpy increment: a co(0, T’)dT". 


AH =enthalpy increment: AH =w-+h. 
n =characteristic constant in Tait equation-of-state. 
Po=initial pressure ahead of shock front, po=0, in 
these calculations. 
p=pressure behind shock front. 
S=entropy. 
s5=sea water salinity. 
= temperature in °C. 
T =absolute temperature. 
u=particle velocity behind shock front. 
U=shock front propagation velocity. 
vo=specific volume of medium ahead of shock front. 
v=specific volume of medium behind shock front. 
Bo=mean compressibility at zero pressure over temper- 
ature range AT. 
p=density. 
Pp vp’, Slip. 
vo c[p’, S] 


w=undissipated enthalpy increment: i i v[p’, S]dp’. 


o = Riemann function: 
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Editors Note: 


This paper summarizes and condenses a large amount 
of theoretical work carried on during the war and referred 
to in the text. The paper was written in order to combine 
and unify the presentation of this theoretical work for this 
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THEORY OF THE SHOCK WAVE PRODUCED BY AN 
UNDERWATER EXPLOSION 


By Stuart R. Brinkley, Jr. and John G. Kirkwood 
ABSTRACT 


The effect of an underwater shock wave from an explosive source 
upon a target structure is determined by the amplitude and duration of the 
shock wave. The theoretical description of an underwater shock wave is thus 
of importance in the determination of the effectiveness of different explo- 
sives for use in underwater ordnance. 

The kinetic enthalpy propagation theory of Kirkwood and Bethe is 
developed from the assumption that level values of a function G =r (w+ u°/2) 
are propagated outward from the generating charge with a velocity €=c+u, 
where r is the distance from the charge, w the enthalpy increment of the 
water for pressure p, u the particle velocity, and c the sound velocity at 
pressure p. Kirkwood and Bethe have estimated an upper bound of the error 
resulting from their basic assumption and have developed the relations neces- 
sary for the calculation of underwater shock-wave parameters as functions of 
distance from the charge. 

In the similarity restraint propagation theory of Kirkwood and 
Brinkley, the explicit integration of the equations of hydrodynamics is 
avoided by the assumption of an exponential Lagrange energy-time curve and 
tne utilization of the second law of thermodynamics to determine at an 
arbitrary distance from the charge the partition of the initial shock-wave 


energy between dissipated @mergy residual in the fluid already traversed by 
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the shock wave and mergy available for further propagation. There result 
a pair of ordinary differential equations for peak pressure and shock—wave 
energy as functions of distance fram the charge that are easily integrated 
with simple numerical procedures. 

In the present report, these two theories are developed in detail 
forthe shock wave of spherical symmetry. The shock wave of cylindrical 
symmetry from an infinite cylinder of explosive is treated by the methods 
of Kirkwood and Brinkley. Calculations of the shock-wave parameters for 
several explosives by the two theories are compared with each other and 


with the results of experiment. 
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THEORY @ THE SHOCK WAVE PRODUCED BY AN 
UNDERWATER EXPLOSION 


1. Introduction 

When a spherical charge of explosive submerged in a large body 
of water is detonated at its center, the following sequence of events oc- 
curs. A detonation wave travels from the center toward the surface of the 
charge, converting the explosive into certain decomposition products. At 
the instant of arrival of the front of the detonation wave at the boundary 
of the charge, a shock wave advances into the water, the boundary of radius 
a(t) moves forward, and a reflected wave recedes into the gas sphere, com- 
posed of the products of the explosion. The reflected wave, according to 
the circumstances, may initially be a shock wave, but it must rapidly be- 
come a wave of rarefaction in the region behind the advancing boundary a(t) 
1/ Physical Chemist, Explosives Branch, Bureau of Mines, U. S. Department 

of the Interior. 


2/ Professor of Chemistry, California Institute of Technology, Pasadena, 
California. 
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between the two mediums. The shock wave with a profile consisting of 
practically infinite steepness and a tail of diminishing intensity is 
propagated into the water and produces the initial pressure pulse in the 
environment of the explosive. After a relatively long period following 
emission of the shock wave, a series of secondary pressure pulses of 
considerable breadth and low intensity is emitted. The secondary pulses 
arise from oscillations of the gas sphere, which withdraw energy for 

their production from the slowly diminishing tail of the shock wave. 
Although the secondary pulses may play a certain role, the damage to marine 
structures produced by an underwater explosion must be principally attrib- 
uted to the initial pressure pulse. Because of its probable role in pro- 
ducing damage to structures, the theoretical and experimental investigation 
of the intensity and duration of the initial pressure pulse is of consid- 
erable importance. 

The hydrodynamical analysis of the initial pressure pulse emitted 
by the expanding gas sphere presents certain rather formidable difficulties, 
Although the wave approaches acoustical behavior at large distances from the 
charge, neither the acoustical approximation nor the incompressible approx- 
imation is adequate to describe the motion of the water in the neighborhood 
of the gas sphere in the initial stages, owing to the high pressures and large 
particle velocities involved. For example, in the case of INT, the initial 
pressure in the shock front is of the order of 30,000 atmospheres and the 
initial particle velocity of the order of 1000 meters/second. Furthermore, 
an analysis of the initial stages of the motion is necessary to predict 
the amplitude and duration of. the shock wave, even in its later acoustical 


phase at large distances from the charge. 
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Lanbe/ has presented a solution of the problem in the incom- 
pressible approximation, remarking that a more elaborate analysis appears 
hopeless. The moderately good agreement of Lamb's theory with available 
experimental data for TNT is completely removed when an appropriate equa- 
tion of state such as that of Wilson and Kistiakowsky/ is employed for 
the gas sphere instead of the ideal gas equation of state. Lamb's theory 
has been improved somewhat by Butterworth, 5/ who attempts to fit an 
acoustical solution of the hydrodynamical equations for large distances 
to the incompressible solution for small distances at a distance equal to 
several times the radius of the gas sphere. A thorough amlysis of the 
problem has been given by Penney.0/ Penyjey's calculations are based upon 
the numerical integration of the Riemann equations, valid if dissipation 
terms in the equation of motion of the fluid can be neglected. This direct 
method suffers from the disadvantage that a laborious process of numerical 
integration must be repeated for each explosive. 

Kirkwood and Bethel/ have developed an explicit theory of the 
shock wave produced by an underwater explosion. The theory can be employed 
to calculate the pressure-time curve of the shock wave at any distance from 


a spherical charge of explosive, given the thermodynamic properties of the 


H, Lamb, Phil. Mag., 45, 259 (1923). 


4/ G. B. Kistiakowsky and E. B. Wilson, Jr., OSRD Xeport No. 114 (1941). 

/ S. Butterworth, British Report, S.R.E., Summary No. M.S. 584/36 (1936). 

6/ W. G. Penney, Btitish Report RC 142 (1941). W. G. Penney and H. k. 
Dasgupta, British Report RC 333 (1942). 

7/ J. G. Kirkwood and H. A. Bethe, OSRD Report No. 588 (1942). 
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explosive and those of water. A description of the theory divides itself 
naturally into three parts: The specification of the initial conditions 
at the boundary between the water and the gaseous products of the explo- 
sion; the formulation of a new and adequate theory of propagation of the 
spherical shock wave in water; the investigation of the motion of the sur- 
face of the gas sphere composed of the explosion products. Our discussion 
follows closely the exposition of the original wiceweees 

In the section 2, initial conditions are formulated and a method 
is outlined for calculating Pp, and u,, the initial pressure and initial 
particle velocity at the surface of the gas sphere. In section 3, the 
theory of propagation of the spherical shock wave in water is developed. 
It is found that to an adequate approximation a quantity ef is propagated 
outward from the surface of the gas sphere with a velocity c+u, where FP is 
the distance from the center of the charge, c the local velocity of sound, 
and u the particle velocity of the water. The function{2 , called the 
kinetic enthalpy, is equal to We u’/2 » Where W) is the enthalpy incre- 
ment 4 H-relative to the undisturbed water ahead of the shock front. Owing 
to the fact that ctu exceeds the velocity of the shock front, the crest of 
the pressure wave is progressively destroyed as the disturbance travels out- 
ward. Also, owing to the fact that c+u depends upon the local intensity of 
the wave, the wave profile is progressively broadened as it travels outward. 

In the section 4, the motion of the gas sphere surface is inves- 
tigated, and the quantity G,(t), equal to a(t) <2, ¢t) , is determined 


as a function of time t, a(t) being the radius of the gas sphere at the time 


391 
t andtd ght) the kinetic enthalpy of the water at this surface. Due to the 


rapid decrease of G,(t), it can be adequately represented by the peak formula, 


-t/@ 
Gye) eI Fe tas 
g, = @, rs ) (1.1) 
 #* 
Coe rabies Cd <, + Ke) 
q” Ww, Peg tt CDG 


where the subscript 1 denotes initial values of the several quantities on 
the gas sphere surface of initial radius a,;W,, Va » Cy; are the enthalpy, 
density, and sound velocity in the water, gle and Cr. the density and sound 
velocity in the gas, and J, and Te are factors of magnitude unity for which 
explicit formulas are given in the text. All quantities are functions of 
the initial pressure p, . After long times the peak formula ceases to be 
valid and G,(t) varies as (1+ t/02)/, but this behavior affects only the 
tail of the shock wave. 

In the section 5, the development of the kinetic enthalpy 
propagation theory is completed by the evaluation of the spread parameter and 
the dissipation parameter, The significance of these quantities is described 
in the text. In section 6, the asymptotic behavior of the pressure wave 
is discussed. At distances exceeding about 25 charge radii from the 


center of the charge, the pressure f is given by the asymptotic formula 


psx pe Wes 
P, = yi Duco a rags i geome (22) 
QO= Gi CA e.), 


where is the time measured from the instant of arrival of the wave at R. 


The dissipation parameter Y CA )ana the spread parameter r¢ R) are slowly 
varying functions of R, for which simple algebraic formulas are given, and 
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7a is the density of water at zero pressure, In the discussion of the 
asymptotic behavior of the wave at large distances, the relation between the 
destruction of the wave crest and the dissipation of energy at the wave front 
is clarified. In the section 7, the method of calculating the pressure -time 
curve of the shock wave is outlined, the necessary formulas are assembled, 
and typical results of the application of the theory to service explosives 
are exhibited. 

In the development of the kinetic enthalpy propagation theory all 
elements of the fluid are assumed to be on the same adiabatic. This is not 
strictly true, since the entropy increment of an element of fluid at a shock 
front of changing intensity depends upon the time at which it passes through 
the front. Kirkwood and Brinkley” have developed a propagation theory which 
takes proper account of the finite entropy increment in the fluid resulting 
from the passage of the shock wave. The partial differential equations of 
hydrodynamics and the Hugoniot relation between pressure and particle veloc- 
ity are used to provide three relations between the four partial derivatives 
of pressure and particle velocity, with respect to time and distance from the 
source, at the shock front. An approximate fourth relation is set up by im- 
posing a similarity restraint on the shape of the energy-time curve of the 
shoek wave and by utilizing the second law of thermodynamics to determine, 
at ayn arbitrary distance, the distribution of the initial energy input be- 
tween dissipated energy residual in the fluid already traversed by the shock 
wave and exergy available for further propagations. The four relations are 
used to formulate a pair of ordinary differential equations for peak pressure 


and shock-wave energy as functions of distance from the source and in addition 


8/7 J. G. Kirkwood and S. R. Brinkley, Jr., OSRD Report No. 4814 (1945). 


S. R. Brinkley, Jr. and J. G. Kirkwood, Phys. Rev., 71, 606 (1947). 


393 


to determine the initial slope of the pressure-time curve of the shock wave. 
This theory permits using the exact Hugoniot equations of the fluid in the 
numerical integration of the propagation equations. While less flexible 
than the propagation theory of Kirkwood and Bethe, the approximations em- 
ployed are less drastic than those of the latter authors, In section eight, 
this alternative propagation theory is described in detail for the case of 
underwater shock waves of spherical symmetry. 

In section 9, we discuss briefly the results obtained by Rice 
and Gine112/ in their application of the methods of Kirkwood and Bethe to 
the shock wave of cylindrical symmetry generated by an infinite cylinder of 
explosive detonated simultaneously at all points of its axis. These results 
are less satisfactory than for the case of spherical symmetry because the 
propagation velocity of the kinetic enthalpy is not well approximated by CTU, 
The shock wave of cylindrical symmetry can be satisfactorily described by 
the methods of Kirkwood and Brinkley, 29/ and we describe their application 
to the shock wave generated by an infinite cylinder of explosive in which 
the detonation wave travels in the axial direction. 
2. Specification of Initial Conditions 

In this section, we wish to examine the initial conditions at the 
boundary between explosive and water leading to the emission of the shock wave. 
When the detonation front arrives at the surface of the sphere of radius a, 
forming the boundary between the initially intact explosive and the water, a 
shock wave travels into the water and the following boundary conditions are 
established. 


pat) = Pi aa out ing ae ib) Cees an 


3/ O. K. Rice and R. Ginell, OSRD Report No. 2023 (1943), OSRD Report No. 
10/ AEE ens aJ irkwood, OSRD Report No. _56 
Salts Bra: ey, Jr., and J. G. Kirkwoo epo Oo ’ 
Phys. Rev., 72; 1109 (1947), Proc. Symposia App. Math., 1, 18 {134332 
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where p™ and UW are the pressure and particle velocity of the gas interior 
to the spherical boundary a; p and u the pressure and particle velocity of 
the water exterior to the surface a. 

At the shock front in the water, the Ranicinesnueend ate-anct ens 


are always satisfied, 


pi U-u) = Po U , 

a ae eee @.2) 

u 

Ae = x (PtP a 9 
whereip and p are the pressure and density of the water behind the shock 
front, Po and y the pressure and density ahead of it, and U the velocity 
of propagation of the front. The internal energy increment at the shock 
front, AE, is a function of p P iP 5 Po» and fr » which may be explic- 
itly calculated from the equation of state of the fluid. Eqs. 2.2 thus 
provide three relations between the four variables P ; Je » U and U, from 
which any three of them may be determined as functions of the remaining 
variable. An alternative form of Eqs. 2.2 which frequently proves useful 


is the following, 


—$—$$——— 


us V(p-Aid-Z) 
que Ae ava” (2.3) 
AH = £¢p-pllat A), 


where A H is the enthalpy increment at the shock front, Az +p/p ~hP , 


At the instant t = 0, when the shock front is coincident with the boundary 


ll/w. J. M. Rankine, Phil, Trans. 160, 277 (1870). 


H. Hugoniot, ddeltécole Polyt., 57, 3 (1887); 58, 1 (1888). 
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of the gas sphere, the Hugoniot conditions Eqs. 2.2 or 2.3 provide one 


relationship, 
u FC py), 
ul@,,0), p, + p(a,,0), 


between the initial pressure Py and initial velocity u, at the surface of 


(2.4) 


mi 


MW 


the gas sphere. 

To obtain a second relation between Py and Uy to be used in 
conjunction with Eq. 2.4, we must consider what is happening in the interior 
of the gas sphere. At precisely the initial instant of time the situation 
is rather complicated. The front of the advancing detonation wave is co- 
incident with the spherical surface ao and its tail extends back into 
the gas in the interior. Near the detonation front both pressure and 
particle velocity are high, although the pressure does not greatly exceed 
the equilibrium pressure pg corresponding to adiabatic conversion at con- 
stant volume of the solid explosive into its decomposition products. Ac- 
cording to G. i. Taylor, /2/ the detonation wave is of appreciable intensity 
only in an outer spherical shell bounded by radii 3a,/5 and a,, the gas 
in the interior being at rest. The velocity of the detonation wave is in 
general of the order of 5000 meters/sec, Thus the time width of the head 
of the wave is quite small, of the order of 10 aj), if a, is expressed in 
meters, We shall find that @,, equal to ao/C, where c, is the velocity of 
sound in water at zero pressure, is a convenient unit of time to employ in 


discussing underwater explosions. The breadth of the head of the detonation 


12/ G. 1. Taylor, British Report RC 178 (1941). 
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wave is about €,/6 in the typical case, We may reasombly expect that after 
an interval of time of this magnitude, the head of the detonation wave will 
have disappeared in the gas sphere by transmission of a shock wave to the 
water and by the smoothing effect of receding rarefaction waves. 

In the theory of propagation of the shock wave in water, we 
shall find that the crest of the shock wave is progressively destroyed as 
it advances outward and that the wave emitted from the gas sphere before 
a certain time TU (®) is dissipated before the shock front arrives at a 
distance R from the center of the charge. In the typical case of TNT, 15 
is about @,/2 at a distance of 25a,. Thus,except in the immediate neigh- 
borhood of the charge, we may assume that the initial details of profile 
impressed upon the shock wave by transmission of the head of the deto- 
nation wave into the water are not extremely important. We therefore 
specify initial conditions in the gas sphere which are closely approxi- 
mated after the very short initial period of time @)/6. These are the 
same conditions as those employed by Penney. At time t = 0, the gas sphere 
is assumed to be at a uniform pressure - the equilibrium pressure corres-— 
ponding to adiabatic conversion at constant density of the solid explosive 
into its decomposition products, The pressure Pe may be calculated from 
the heat of the explosion reaction and the heat capacity and equation of 
state of the products, 

The pressure discontinuity Pe-Po at the boundary a, is at once 
propagated into the water, the boundary conditions 2.1 are established, and 
Eqe 204 is satisfied, At the same time a rarefaction wave starts into the 


gas. By the Riemann theory, the value of a certain function ¥ is initially 


10 


397 


zero for such a eae rarefaction wave 


Pee sy ye Oo , 


' 

o*(p) = [pico (2.5) 
pre P(e st) ) 

where ¢ * is the velocity of sound in the gas, The integral defining the 

function c~ is to be taken along the initial adiabatic of the gas from 

its initial density ft a density f,* determined as a function of p 

along the adiabatic of entropy hy by the equation of state of the gas. 


Eqse 2.5 therefore provide a second relation between Py and Uy» 


ob) +U,=0. (2.6) 
Simultaneous solution of Eqs. 2.4 and 2,6 determines the initial values 
of py and uy, on the gas sphere. This solution is most conveniently car- 
ried out by graphical determination of the intersection point of the curves 
F(p) and = g(p). The pressure p is generally much less than Pee 
The calculation of the pressure p, for adiabatic constant volume 
conversion of the explosive to its products is a straightforward problen 
in thermodynamics. For this process, 
a Is de 
SL aes oe SAT Fae rae Av C7) 
where E; is the molar heat of formation at constant volume and temperature 
T, of the i-th product constituent, E, is the specific heat of formation at 
constant volume and temperature T, of the intact explosive, n; is the number 
of moles of the i-th product constituent per gram of explosive, and Cc. is 


the zero=epressure specific mean heat capacity over the temperature range of 


an 
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the explosion products. We may employ the Kistiakowsky-Wilson4/ equation 


of state, 


Bx 
pip = nRT (it xe ) 
Me (2.8) 
= te (o T 
ea ae 
where yn is the total number of moles of products per gram of explosive, 
k is an empirical parameter characteristic of the i-th constituent with 


dimensions of volume which can be called a covolume, and & and P are 


empirical constants, Then 


V/ x 
‘ Gy) = Nik eee 


(2.9) 


We may represent with adequate accuracy the mean heat capacity as a linear 


function of T in the form 


oat, auc 


(2.10) 


where A ' and B, are constants characteristic of the i-th constituent, 


With Eqs. 2,9 and 2.10, Eq. (2.7) can be written in the form 
pr 
— é 
en; = (Xn;A; + Te 20,8) (T.-7,) + kT Az, € b eel@sa) 


which can be solved numerically for the temperature T, of the adiabatic 
constant volume explosion state if the composition of the products is 

A a 
known. The pressure Pe corresponding to temperature T, and a A 


can then be determined at once from the equation of state. The specific 


v3 
entropy S@, T) is given by ue 


See (aD) = Zn: ot ie = R2n, tog nell mG} - nia idv, 
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where oA is the molar entropy at unit pressure of the i-th constituent. 


With the equation of state 2.8, we obtain, 
BO g 3x Bx 
SU, 7) Po = WR | bog + ale -1)- wxe | (2.13) 


which can be employed for the determination of the entropy of the adia- 
batic constant volume explosion state and which then suffices for the 
construction of the adiabatic P= Per) if the composition of the ex- 
plosion products is known along the adiabatic expansion curve. In the 
construction of thiscurve, it is convenient to employ the temperature as 
the independent variable and to determine, 


p= p (TS) 


ie a (2.14) 
P 5 Pp ie Py) : 
The function @g# (p) canbe calculated by numerical methods from a tabular 
presentation of relatims 2,14. 
* Ms OK 

In the calculation of Pe > } (2, , and the construction of the 
curve ps physse ) it is necessary at each stage of the computations 
to know the composition of the fluid composed of the explosion products, 
The calculations are carried out iteratively. The state (T, p) is deter- 
mined by the appropriate relation for an approximate composition. The com- 
position (n; ) is then calculated for this state by standard thermodynamic 
methods, This composition is then employed in the determination of a 
second approximation of the state, and the process is continued to con- 
vergence. 

The composition is determined by solving the requisite 


numher of equations expressing the conservation of each kind of element 


13 
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simultaneously with mass action expressions of the form 


pie vj 
Ke rons * (2,15) 


for equilibrium of the chemical reaction 


(6) 
z y. Y wey ) (2.16) 


where yt) denotes the formula of the i-th product constituent and K is 
the value of the mass action constant. We discuss here the evaluation of 
K for the pressures characteristic of the explosion process. A discussion 
of techniques for the calculation of the equilibrium composition of systems 
of many constituents has been published elsewhere. 13/ 

The specific work content ACP 37) is given by standard thermo- 


dynamics as 


t?) A pa 
Riga eal RT |» toy F t2nglogn, -n| (2.17) 


rt fap 


0 
The chemical potential a is defined as 
ay = (= i ; (2.18) 
| on; 1A ni n- 


Employing the equation of state 2.8, we obtain 


Bi > =H; + RT flog n; + toy Bs Le -}) 
+ (nk; / Enche)xe” *_ log (1tKe wi 


(2.19) 


137 S. R. Brinkley, Jr., J. Chem. Phys., 15, 107 (197). ~~ ~SCS 
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For equilibrium of reaction 2.16, 
abi) alana (2,20) 
and 
| dere (ee (2,21) 
P ) 
where 


J 


& RT tog Ks = Fy ye (2,22) 
is the thermodynamic equilibrium constant for reaction 2.16, and 
log 7 = | eg bry g(ey- bog (1+ ze] v- 
+ (2h; JE kn re (2423) 


3. Propagation of the Kinetic Enthalpy by an Underwater Shock Wavel/ 


In this section it is our purpose to investigate the form of the 
pressure wave in water emitted by the expanding gas sphere. This wave is 
contained in the region between the gas sphere of radius a(t) and the shock 
front of radius R(t). Under the initial conditions prescribed in the fore- 
going section, a and R are coincident with ao» the radius of the intact 
charge cf explosive, at the instant t = 0, and a(t) advances with the 
velocity u(t), R(t) with the velocity U(t). Our first task is to relate 
the motion of the shock front and the form of the wave behind it to the 


motion of the gas sphere surface a(t). 


14/ See Reference 7, Section 2. 
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In describing the motion of the water in the spherical shell 
between a(t) and R(t), it is convenient to use the Eulerian form of the 
hydrodynamical equations of continuity and motion. With the neglect of 


stresses arising from viscosity, these equations are: 

EN el pa eer ) 

D “— 

Leieee sy ib es, (3.1) 


> = eet a Ub" V; 


Eqs. 301 must be supplemented by the equation of state of the fluid, 
which provides a relation between pressure, density, and entropy, and 
the equation of entropy transport 

DiS webentiew! 

Dt 


where S is the specific entropy of the fluid (entropy per gram), The 


(3.2) 


entropy transport equation is based upon the assumption that the fluid 
experiences only reversible adiabatic changes of state behind the shock 
front, which is true if the influence of heat conduction and diffusion 
can be neglected in the time interval during which an element of fluid 
is traversed by the wave. At this point it is not assumed that all ele- 
ments of fluid are on the same adiabatic; and, indeed this is not strictly 
true, since at a shock front of changing intensity, the entropy increment 
of an element of fluid at the shock front depends upon the time at which 
it passes through the front. 

It is convenient to eliminate p and p from emiations 3,1 and 3,2 


with the introduction of the enthalpy or heat content H, defined as 
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Feces: Bist ? /p , 


where E is the internal energy per gram of fluid. We shall denote by WwW) 


(3.3) 


the enthalpy increment 
tay =: lal > (3h) 
where He is the enthalpy of the undisturbed fluid in front of the shock 


wave. The fundamental thermodynamic equation for H yields 


dw > TdaS+ap/p, (3.5) 


where T is the absolute temperature. The enthalpy increment 4) may be 


written in the form, 


(hae : 
W = el Sa T (pS) 45" 
} p(S p) . (3.6) 


where Pg and Sy are the pressure and entropy of the undisturbed fluid, and 
the line integrals are on paths of constant entropy, S, and pressure, p,, 


respectively. Introduction of Eq. 3.5 into Eq. 3.1 with the use of Eq. 3.2 


yields 
Gris pat Sh yD ee ) Dies O 
eet C00 Dt 

oe ux(yxu)e - VATS, (3.7) 


where (Y may be called the kinetic enthalpy and c is the velocity of sound 


in the fluid in state (p,S). Numerical calculations based upon the equation 
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of state of water and the entronvy increments at the shock front demanded 
by the Hugoniot conditions show that up to pressures of 50,000 atmospheres 
the dissipated enthalpy Lov(p. sas amounts to only a few percent 

oe 


of thetotal enthalpy GW). We are therefore justified in approximating 


Ww by P 


= ayaa ee 
Ww = pS, ) (3.8) 


and in neglecting the dissipative term in Eqs. 3.7. With this simplifica- 


tion Eqs. 3.7 become 


an a ae 
Mont ct Dt 
(3.9) 
a4 _uxtru) = -7N. 


In this approximation the entropy transport equation becomes irrelevant. 
The initial conditions correspond to irrotational flow, and Eqs. 3.9 then 
demand that WX ue remain zero for all times. Moreover, for purely 
radial flow which we shall have to consider, Vx Wis zero under any con- 


ditions. We may therefore introduce a velocity potential My 3 


ee SS WHS (3.10) 


we 
Introduction of 3.10 into Eq. 3.9 yields 


ae: 1 Dw 
Wat te. 


BN. 
DY te) 


(3.11) 


Elimination of & between Eqs. 3.11 gives the wave equation 
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aw 
2 fa ge 7 G2 
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= 
a 
wot. 
For the case of spherical symmetry, which we shall consider, Eqs. 3.12 


take the form 


r? ror dt m3) 
a) a ae ee ae 
Jr? C20ee CTL FOr oily 


SL and u are related in the following manner, 


Eee as Se 
Me rt’ Gy 


(dr/dt)y ? 


where Cy is the velocity of propagation of the function se (x5) 


(3.14) 


An alternative formulation of the hydrodynamical equations 3,1 
is the well-known Riemann Ate bared Since we shall use the Riemann 
equations in an auxiliary capacity in investigating the solutions of 


Eqe 3.13, we present them here. If a function @’ is defined as 


dp (3.15) 
fo 
taken along the initial adiabatic S,, and dissipative terms can be neglec- 


ted, Eqs. 3.1 take the form for the case of tae symmetry, 


a Ge Ati Bie du Ou . 
ToC aoe ee ghee 2 Feust oO, (3.16) 


15/ B. Riemann, Nachr. Ges, Wiss, Gdttingen, 8, 43 (1860 
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Introduction of the new variables, 
in-= (ee 4/2), 


G =(7-wu)/2 ; (3.17) 
yields the Riemann equations 
or 4 (e#u) Ofome ott ) 
dt Pr 
Js : ( me u) os 5 ul : (3.18) 
ot dor . 


The kinetic enthalpy OQ is related to the Riemann functions and $ in the 
following manner 
dQ = (ct+uddr+ (C-WAS , (3.19) 
a relation we shall presently use. 
It is instructive to review the integration of Eqs. 3.13 in two 
limiting cases, the incompressible approximation and the acoustical approx- 
imation, The incompressible approximation is obtained in the limit C’—> 00, 


and Eq. 3.13 becomes 


2 
or 
which with the boundary condition (, ~~ O as M— 00, leads to the result 


y =plt) , and , 
WY 2 Glt)/r , Git) = lt), 


2 
us: op ( t/a 
In this case we note that f-(2. is propagated outward with infinite velocity. 


(3.21) 


The acoustical approximation is obtained by suppressing nonlinear 


terms in Eq. 3.13; 


2 % 
oF Weg 2 ¢ eo ee 
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with the solution, 
Y = pl(t-rfcs), 
where cy is the asymptotic sound velocity for waves of vanishing amplitude 
in the undisturbed fluid, the solution (t-1/¢,) being appropriate for 
an outgoing progressive wave. For Q andu » we obtain 
Q = Gle-r/ed/r , &ltd= gilt), 
u = plt-r/e)/r- ENO Cas. mae 
In this case, we note that rf is propagated outward with the finite and 
constant velocity C5 e The acoustical approximations to the Riemann func- 
tions r and 5 are of interest. For an outgoing spherical wave, they are 


pees ical) Phe iste 


Cai art (3.24) 


cece pit-1/e,) 
raat ele 


We note also that in the incompressible approximation, Lim (c> °0)@” =0, 


ete ey (3.25) 


ear 


we have 


Bt 


Thus the funce ton) h, defined as 


hs 54+ oler*, Best) 


vanishes both in the acoustical and in the incompressible domains of flow. 
It is also vanishingly small in the region behim the shock front in the 
initial stage of its formation, since § is always small just behind the 
shock front and 4 is equal to r [Powe At, 

Since in the i tatraseinietane acoustical limits r{2 or -G 


is propagated outward in the one case with infinite velocity and in the 
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other case with constant velocity C 9 » we are led to ask whether the spher- 
ical shockewave problem possesses solutions corresponding to an outgoing 
progressive wave in which r{d or G is propagated behind the shock front 
with a variable velocity c depending upon the intensity of the wave. To 
investigate this possibility, we consider the characteristics of G with 


the differential equations, 


(arfot), = G 


shown schematically in Figure 3.1. 


(3.27) 


It is assumed that the characteristics ret ,G) are monotonic 
curves with finite positive slope C » which do not intersect at any point 
behind the shock front. We then define a function P(I,t ) by the relation, 

GT) eo Wine ) , (3.28) 
where for the present G. is an arbitrary function except for the requirement 


that J be a single-valued function of G. Eqe 3.27 may therefore be written 


f= (3), (3.29) 


We now integrate Eq. 3.29 along a path of constant { in the form 


dis’ 
«2 z - FO?) , (3.30) 
a(t) 


as 


where a(t) is the radius of the expanding gas sphere at time t. We remark 
that {7 has been assigned the dimensions of a time and that the integration 


constant in Ea. 3.30 has been so chosen that 


Blatt ty. pee! 


Eqs. 329 and 3.31 then determine the arbitrary function G (t) as 


Git) = Glattx,t] , (3.32) 
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Characteristics r(G,t) 


Gas surface a(t) 


ao 
PXI-108 
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FIGURE 3.1 - Characteristics of Eq. 3.27. The character- 
istics r(G,t) are contours of constant G and 


of constant TT. 
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Thus G¢ €) is the value of the function G on the surface of the gas 
sphere at time t . We are now provided with the following relation be- 
tween the kinetic enthalpy Q at any point Crt) and the value of G on 
the surface of the gas sphere, G (T) at a retarded time Y determined 


by Eqe 3230, 


Oiler) 2G, (t)/r = alti yi7r , (3.33) 


where $2, (t) is the value of Q on the surface of the gas sphere at time 
t. 

At first glance it might seem that the solution 3.33 would differ 
from the incompressible solution, Eq. 3.21, only in the detail that the wave 
requires a finite interval of time to reach a given point J”. However, if 
€ diminishes with diminishing {2 and if the value of € at the shock front 
exceeds the wave~front velocityyU , then there are other important differ- 
ences, There will occur a progressive destruction of the crest of the wave 
at the shock front and, when G.( t ) is a monotone decreasing function of 
t 9» & progressive broadening of the profile of the wave as it advances 
outward. 

To illustrate these points, we consider the value of [°([{}t the 


shock front, given by Eq, 3.30, 


R : 


dr’ ar 
¥ Ul[r ar) | Peet 


(hee , (3.34) 


where the integral ie Ar'/ U is the time t, required for the shock 


front to travel to the point R. We remark that it € >U , T  ini- 


tially zero, is an increasing function of R. Thus at a specified point 
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R, only that part of the wave emitted by the gas sphere after the time t. (It) 


is realized, the crest of wave emitted in the interval 0 $ ts T being 
destroyed at the shock front as the wave progresses outward. 
‘ 
For small intervals of time ¢ after the wave front has passed 


a point R » we may expand Y% in a Taylor series, 


’ 3035 
t > t 2 i 5 ( ° ) 
He ( ot | 
Yy It /R 2 
where i is the time at which the front reaches the point R » and / 
is the partial time derivative of ? at time t, e An expansion of this type 
could be made not only at the shock front R but also at an arbitrary point fF 
behind the front, if desired, From Eq. 3.30, we obtain for Y ’ 


R 
uo (T) t da ' 
Ve Gps ale dr (3436) 
Cau c oz : 
al?) 
It is to be expected that @ is a decreasing function of 7 at constant Yr 


since it is a decreasing function of f) and G, (&) is in our applications 
a decreasing function of time. Thus Y will be greater than unity for suf- 
ficiently large r. This means that the t scale is broadened relative to 
the T- a scale, and the wave profile at Ris broadened relative to the 
time profile of the wave during emission from the gas sphere surface. 

At sufficiently large distances R from the center of the charge, 
SL(R,C) , though not of course LOGE ) , can be approximated in acoustical 
form by P/ Po 5 where A is the density of water at zero pressure, With 


this approximation and the approximation, Eq. 3.35, Eqe 3.33 become 
p = (a,/R) P(u+t7y), 
alt) 
Ptt) = fo a OE (te) E (3.37) 
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These relations, together with Eqs. 3.34 and 3.36 ) provide an an asymptotic 
relation for the pressure as a function of time t at a fixed point R in 
terms of the radius of the gas sphere a (t) and the enthalpy of the water 
at this surface at time T +t / ae 

The foregoing analysis reduces the problem of propagation of the 
shock wave from the gasesphere surface a(t) to an investigation of the 
slopes C of the characteristics of G An exact determination of € or. 
even a rigorous proof that c has the properties hypothetically ascribed 
to it appears to be prohibitively difficult. However, it is possible 
to get information about the asymptotic behavior of , to assign a 
reasonable approximation to C » and to estimate the error entailed in this 
approximation. From the acoustical approximation, Eq. 3.23, we remark that 
c approaches ©, , the sound velocity at zero pressure, as }~ increases, 
The asymptotic value Cis not adequate for our purposes. As a possible 
approximation to é » the local sound velocity C + U in the moving medium 


suggests itself as reasonable. In order to investigate this approximation, 


we write, 
@ = (dG/dtI/(IG/r), 
gC pomieag a (3.38) 
gp ny 
where g is the oie ate ef. the contours of slope U#u. 


Expressing IG/dor in terms of 0G/0t and 4 » writing IG/dt as 
Gt) (dt /ot), and using Eqs. 3.13 and 3.19 for the calculation of 9» 


we finally obtain 
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ifr cere g |” 
ane ATE 
1G P Sos (3.39) 
9 R-ucrt rcerw) £5 Lemar SY, 
D.&.. EY Os 
Et ; Soha 


A further reduction of g with the aid of Eqs. 3.13, 3.16, 3.17, and 3.24 


yields, 
C+ 3u pie eule*-s, _2a2 
y a eee 2 co) - “=u ee " 
Cen Vis ate 
+ (e-u)| 32" aes eon at (3.40) 


h= S+@ler’, 


IC 


We have already remarked (Eqs. 3.24 and 3.36) that ly vanishes in regions in 

which the flow is either incompressible or acoustial, a circumstance which 

makes the form, Eq. 3.40, especially convenient as an expression for a ° 
From Eqs. 3.23 and 3.26, we remark that OY” and & behave asymp- 

totically as '/p and S as Vy = If € is a continuous function of density, 

we may assume it to be sy analytic function of 0” of the form Q+@¢ O- tere 

Since 4) is equal to cdo » it has the power series oo + ©, v2 Poar ts 

Q 


Thus the sum of the first three terms of the expression for 9 » Eq. 3.40, is 


at most of order & % and thus of order Vraet its asymptotic behavior. In 
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regard to the last term of Eq. 3.40, we remark that an alternative expres- 


sion forh is 
Ge = Lhe ay, 


heat o 
341 


c 


Ir/dt )e 5 


the 
where fo is propagation velocity of Y be: t) . From Eqe 3-22 we see that 


Cov C, in the acoustical approximation and thus, since (> 70.5 »h will 
Z = 

consist of terms of the order of o’* and & and higher. Since § or Co-ul/e 

is of order If r% we may consider the dominant term in h to be of the order 


r 2/ C, .- Using the Riemann equations 3.18 to compute the derivatives of 


re / Co 3 we get 


eee pene | 3 Ot eth), oO 


Thus the remainder term g is of order /y 2 In the pure acoustical approx- 


J 
imation, we note that T-¥¢-)-/C and 2, tends to unity, Therefore 


t 
‘ , 2 
(c+ u)g/G¢t) on SOM (ir es (3.43) 
A more refined analysis than the pure acoustical theory, based upon the ex=- 
pression » i a ; 
dt Mare oe oa (Bed) 
ess bk ine Ne Ay ; 
( ct et) a(t) . 


shows that if € contains terms of order }/)* then 


or —_ - 4og YY as wa b&b. (3.245) 


Ot 
The asymptotic behavior described by Eq,3.45 arises from the fact that there 


is some spreading of the wave profile even in the acoustical limit. 
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Therefore, we have been able to show that with increasing Y~, 
(cru) 9 /G,(t) ts = O(deg -/r*), (3.46) 


where 0 (4og r/r*) denotes terms diminishing as ( fog +)/\ or more 
rapidly.: Ths, we have the asymptotic result, 
Er eH wie itee Ol beg.2-/y").. (3.47) 
We shall find it sufficient to adopt ¢+Was an approximation to @, 
The corresponding approximation to the retarded time TV’ of Eq. 


3.28 then becomes \ 


arn : (3.48) 


alt) 
where the integral is again taken along a path at constant € . The error 


in G(r, t) arising from the use of the approximate [ of Eq. 3.48 can be 
expressed in the following manner. With this definition of t , ( dG/drdy 


is no longer zero but has the value 


OG ity 2664 pal OG f(y 
Ger ae ela OF Yue os wt (3.49) 


where g(r, tT) is given by Eq. 3.46. Since the approximate % becomes equal 
to t when ¥ is equal to a(t) , we obtain by integrating 3.49 along a path 
at constant 
G(r,t) = (It ¢) Galt), 
! a 4 
= —— g(r, ti dr, (3-50) 
G, (t) att) 
We shall find that water is a particularly favorable case for the 


application of the approximate theory. Numerical estimates of an upper bound 
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to the error € in examples to which the theory is to be applied indicate 
that it does not exceed 20% in the most unfavorable cases and probably is 
much less than this. Since € is algebraically negative, the approximate 
theory in which it is neglected yields an upper bound to G e 

4, Motion of Surface of Gas SphereL6/ 

According to the initial conditions described in Section 2, we 
have at the instant t =Oa gas sphere of radius Q, at a uniform pressure 
be » the equilibrium pressure of the product gases arising from adiabatic 
conversion of the solid explosive at constant volume. The water surrounding 
the gas sphere is at a uniform pressure Pe (1 atm. or for practical pur- 
poses zero). The discontinuity in pressure Peo P. at the boundary between 
water and gas is removed instantaneously with the establishment of a pressure 
P, and velocity U, on the sphere |” 7a,- At the same time, an advancing 
shock wave starts in the water and a receding rarefaction wave starts in the 
gas sphere, The motion of the surface a(t) is controlled by these two waves. 
The propagation theory that we have developed for the wave in water can be 
applied with slight modification to the wave in the gas sphere, since in a 
rarefaction wave the requirement of no dissipation is satisfied exactly. 
However, in setting up the equations of motion of the gas-ephere surface, we 
shall restrict our considerations to an initial period of time during which 
the wave just interior to the surface a(t) is a simple recessive rarefaction 


Wave. * 
After a period certainly greater than 2a,/o¥ where C, is 


the initial velocity of sound in the gas, a reflected wave will arrive at 


the sphere surface, after which the rarefaction wave becomes compound. A 


16/ See Reference 7, Section 3. 
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solution of the compound rarefaction wave involves the spherical analog of 
the Lagrange ballistic problem and is very complicated. We believe that 
the complication introduced by successive reflections of the rarefaction 
wave between the center and surface of the gas sphere is not of great prac- 
tical importance for two reasons. First, the major part of the water shock 
wave is emitted in an interval of the order of & a/e*, so that the 
first reflected wave would at most disturb its tail at all distances of 
practical interest. Second, due to the attenuating effect of the factor l/r 
in a spherical wave and the fact that the gas sphere will have expanded to 
several times its initial radius before the first reflected wave arrives at 
the surface, the pressure will already be so low when it arrives that it 
will have little accelerating effect on the surface. Nevertheless, it is 
possible that the successive reflected waves in the gas sphere will produce 
small pulsations in the tail of the shock wave, which we shall ignore in the 
present theory. 

At the surface a(t) » we have continuity of pressure and mater- 
ial velocity and therefore of the total time derivatives of these quantities. 
Making use of the continuity condition, we may write the equations of conti- 


nuity exterior and interior to «@(¢} in the form, 
SD ps S% due 2 eu 


ep Dt or aed ace 
aed BE ale ss : 
eres = = Hie 2u, 

cp Dt P Qa 


where € and Pp refer to the water just exterior to the surface; ¢* and pe to 
the gas just interior to the surface, The partial derivatives (dus dr) and 


(du/or)* are in general different. To eliminate them from Eqs. 
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4.1, we must make use of the theory of propagation of the shock and rare- 
faction waves emitted by the moving sphere surface. The advancing shock 
wave in waters we treat according to Sectim 3 as a wave in which rd 
or G is propagated outward with a velocity Cc e The receding rarefaction 
wave before the arrival of reflections from the center of the sphere we 
treat as a recessive wave in which re or Gis propagated from ac ») with 
velocity = run 

To illustrate the procedure, we outline the elimination of du ldr 
from the first of Eq. 4.1. From the theory of propagation, the equation of 


motion, and the definition of G, we have 


ot or 
pday ob Se ee (442) 


d@ = Qdrt rdp/p + rudku, 


Eqs. 4.2 lead to the following relation, 


eh Ce ae a pu = ee a 
uw (E-U) == + ae: (Cc - “eu? ; (4e3) 


Elimination of OuU/dI~ between Eq. 4.3 and the first of Eqs. 4.1 yields at 


the surface PF =Q, 


e Dpl Shale 2 Dar ye @(w-Sur/e)e2ue 


Q e¢2#-uertu* (Lot) 


In an exactly similar manner, we obtain from the propagation equation for the 


gas on the interior of the sphere 


Ma De? Sete a) Da 


ore Dt Cute - Dt 


or 
w* = a dp/p , 
Le 


x = gr 
ral Cw - gurl/e)+2 am 
a ere uc~*+ uX 


(4.5) 
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where w# is to be computed along the initial adiabatic of the gas, 
Eqs. 4.4 and 4.5 constitute a system of differential equations for b and 
U_ , the solution of which together with the initial values of these func- 
tions determines }> and on the gas sphere as functions of time, the veloc- 
ities @,C ,C*, and ¢ ¥ being determined as functions of fp and of U along 
the initial adiabatics of the two fluids by their respective equations of 
state. In the present discussion, we shall suppress the subscript a used 
to denote values of functions on the surface a(t) in Section 3, since all 
equations of this section refer to this surface alone, 

We now introduce the approximations @#U and Cu for © and 
c* into Eqs. 4.4 and 4.5. The error introduced in the rarefaction wave in 
the gas by approximating o  with c-u is of the same relative magnitude as 
the corresponding approximation in water, although perhaps numerically a 
little larger due to the fortunate cancalation of certain terms in the re- 


mainder for water. With these approximations, Eqs. 4.4 and 4.5 reduce to 
Se) ee ee ee eee 


Peet ai De oe 

+1. DP. _ Dw . p*uc 

P*e" Dt jae Dro 

aire boar 2 Cru ) 
* ' *_ + 2 3 

tee et ee 


Dp VR eine Oh Bea 

ee seri! Amica Pera a 

Du - Jc’ - ap (407) 
t per pre” 
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Sincew is positive and w*is negative, J an J ¥ are initially positive 
quantities of order of magnitude unity. If oscillations of the gas sphere, 
which occur only after a long period of time are ignored, a ee pos= 
itive, but v may become negative, though never sufficiently so to make 
dp/at positive. 

From Eqs. 4.7, we infer that Dp/Dt is initially large 
in absolute magnitude and negative in sign. Although decreasing somewhat 
in magnitude, it remains negative during the initial phase of the motion. 
The peak approximation is therefore appropriate for p as well as for the 


17/ 


functions W and o-, The derivative bu At may initially have either 
sign, depending upon the equations of state of the twomediums. For a boundary 
between water and typical gas mixtures resulting from explosion products, 
Du/. Dt is initially large and positive, but diminishes rapidly to zero 
and becomes negative. As a more detailed investigation will show, UL depends 


a A function F(t), described by the peak approximation, is supposed to 
have an exponential decay of the form, 


F(t)= Fevt/e 


where Fi =F (0) » and ep is the 7 value of the loga- 
eabinie. derivative of F with respect Kay e 


“Op = [bboy F(t LE] 


Or may be called the time constant. The function oe (s is thus 
represented by a two parameter curve, an approximation that is ap- 
propriate when F ( t) is initially a rapidly decreasing function 
Of tie 
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-S 
asymptotically on time as ( (+ t/¢,) » where 8, is a characteristic time. 


The initial peak approximation to the term au’/ 2 in G@,(t) is there- 
fore poor, but due to the rapid change in sign of Du/Dt, a(t) may be 
treated as a slowly varying function of time. 
The peak approximation to the enthalpy) is to be obtained as 
follows, -t/6, 
We () = W,e ys 
1/8, = ~ [Dlg w/Dt] | (448) 


- (1/P, w,) [Dp/Dt] : 


where w, is the initial value of UW, (t) on the gas sphere. Using the first 


of Eqs. 4.7 to get the limit on the right-hand side of Eq. 4.8, we obtain 
8 > Ag/Cg, ) 
a os 3 i 9e 
/, 14, i C, + J, C, (409) 
ee ee Cn 
8, wo, fr ¢, +f, ¢, 


where the subscript 1 denotes as usual initial values of the quantities on 


¢ 


the gas sphere surface. Since act) is a slowly varying function of time, 
the appropriate peak approximation to a(t) Walt ) is 


-t/ 
alt), (t) = 40,6 9% (44410) 


Eqe 4.10 therefore determines the first term in Gt) » equal to 


ait) w(t) + u./2] » &B a function of time and of parameters depending 
upon the initial conditions at the gas sphere surface. 

In order to investigate the manner in which u( t) » the 
velocity of the gas sphere surface depends upon time, we return to Eqs. 4.6, 


the first of which may be written in the alternative form 
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Du y 2'4°- Bt) =p 
“Dt & tani 


Ee é+u a D > {4 4 
Blt = en Ac a Cru (4.11) 


The incompressible approximation to Bit) is the following, 
him (¢> %) Bit) = W = (p-Pd/Pp ° 


In this approximation, Eq. 4.11 becomes 


Du aus k > - Pp = Oo 
ot + ay Ze (4.12) 


Eqe 4.12 was employed by Lambo/ in his theory of underwater explosions to 
describe the motion of the gas sphere. To integrate Eq. 4.12, he neglected 
Pe and assumed p to be the equilibrium pressure of the uniformly expanding 
gas sphere of volume Ya). If the term p, is retained in the last term 
of Eqe 4.12, one finds that instead of a monotonic increase in a(t) , oscik 
lations of the gas sphere occur a long time after the emission of the shock 
wave, Butterworth2/ and Herring®/ have given a satisfactory treatment of 
these oscillations and the secondary pressure pulses arising from them. 
Since they have no appreciable influence on the shock wave, we shall approx 
imate the asymptotic value of Bt) at long times by zero instead of P./o ; 
In order to integrate Eq. 4.11 for the initial stages of the 
motion of the gas sphere, we recall that the peak approximation is suitable 
for p and & as long as their magnitude is of any significance for our pur— 
poses, App.iying the peak approximation to the factors (4) and Dp/ Dtin the 
first two terms of B(t) and neglecting the relatively small term u*/(c -u), 


we obtain 


1g/ C. Hering, NDRC Division 6 Report Chesr 20 (1941). 
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Du 3u° (27)""3, 6 “t/8, 


Dt , 
a 
a) Qa, wW, Ae,+P, oe 
ie aa AL On a 7*,* : 
Bi feed Ev tN, (4013) 


ate 
B WW, (o*s A en ) 
1 Cc, = u, é 2, 
t 
where the slowly varying factor (a,/a ) a is retained in B¢ t) for con- 


venience in integration. Writing Da/pt for WU and integrating once, we 


btai = 
; ge = ay [i+ eapeiie € a 


Zs a (4.14) 
Hy = Blu, , fy = 28 7, 
Again writing Da /Di tor U and inte Eqe 4el4, we get 


(=) = (I- 2 Hott Mes + 8, Sas eT cole 


nal 
pie byte 28 5 Hop 72 (4.15) 
2 7 u, I+ Pops 
The asymptotic forms of Eqs. 4.14 and 4.15 at large times are 
G)2 
ar ers a ig, (1+ Jto|4) , 
(4.16) 


(a/a, ween ee S/[u/2?X it £/4). 

The asymptotic constancy of ah y and variations of a/fa, as is as 

hold rigorously when Po is zero and P tends to zero more rapidly than Vt" 
The constancy of Ss LT; implies conservation of the kinetic energy integral 
of the fluid. At all times of significance to us p, may be treated as zero, 
since we are not concerned with the secondary pulses which have already heen 
adequately treated by others. 

The second term Q(t Mutey/2 in 6, (t) becomes with the use 


of Eqs. 4.14 and 4e15, 
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-t/6, 2 
Bat eat ie e+e 1h | 
oye ie it aie VT we?) ao aa oe 
rs 2 [1+ 2/8, fe Soe Ya Her]? ) 
(4.17) 


4 
(1+ Mo]4,) 
foe oH /2) 7 


) 


r -t/9 
W/O, 5 ee” © ant ie dnitbed 


where properly terms of the order @ 
to be consistent with the peak approximation to Blt) . If we add Eq. 
4,17 to the peak formula for @&) of Eq. 4.10 and suppress such terms, 
the resulting expression for G,( &) \ is slightly in error for be =O. 
Since, however, te/, 2 is small relative to W in the initial stages of the 
motion, a suitable interpolation formula for Gt) » accurate for t=0 


and for long times, and consistent with the peak approximations of Eq. 4.10 


and 4.17 is the following, = 
-t/B, eey re 
G(t) = ¢@, C2), + a, fd, B, 
(4.18) 
Qe ps (l-Alu se, QL o= Au Ck", 


Since 1@ 7 is in gmeral small relative to £2,, » the complete peak approx- 


imation, 
-t/8, 


eat = er ae, 
G = a, (W,+ wi/2) = ro yee ; 


(4.19) 
may be used for small values of t when 56,/4 does not differ greatly 


tron O,. If Eq. 4.19 is employed to represent G(t) , the tail of the 


shock wave will of course be distorted since the exponential differs widely 
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from ees long times. A suitable compromise between Eqs. 4.18 and 
4.19 appears to consist in using Eq. 4.19 for calculating v and x, the 
retarded time and time spread, and then using Eq. 4.18 for the explicit 
calculation of the pressure behind the front for Y eh 4 However, the 
complete theory based upon Eq. 4.19 yields surprisingly satisfactory results 
and is probably adequate for most engineering calculations requiring an 
estimate of the intensity and duration of the initial pressure pulse produced 
by an underwater explosion. 

Equations 4.18 and 4.19 together with the propagation theory of 
Section 2, provide a complete description of the shock wave emitted by a 
spherical charge of explosive in terms of the initial conditions on the 
boundary between the gaseous products of the explosive and the water. 

5. Dissipation and Spread Parametersl9/ 

In this section, we wish to complete the evaluation of the retarded 
time ante of the shock front and of the timeespread parameter & for use in the 
propagation theory, Eq. 3.33, and in the asymptotic theory of Eq. 3.37. The 
latter theory is appropriate for the calculation of the pressure-time curve 
of the shock wave at distances from the charge exceeding about 25 charge 
radii, and. it forms a basis for the discussion of the limiting properties 
of the shock wave at great distances from the charge. In this section, 
we shall explicitly employ several properties of water that are derivable 
from the equation of state, and it is necessary at this point to introduce a 
particular equation of state. 

The Tait20/ equation may be written in the form 


1 See Reference 7, Section 2. 
20/ P. G. Tait, "Report on Some of the Physical Properties of Fresh Water 


and Sea Water." The Physics and Chemistry of the Voyage of H.M,S. 

Challenger., vol. II, Part IV, S. P. LXI (ses). 

See also R. E. Gibson, J. Am. Chem. Soc., 56, 4 (1934); 57, 284 (1935). 
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igh dP a n[ p+ 8@)] (5.1) 


where ) is a constant and B a function of IE only. This equation has 
been shown by Gibson and Bridgman to represent compressibility data for water 
at pressures up to 350,000 1b/in.”. For our purposes, we employ a modified 


form of the Tait equation along an adiabatic in the form, 


Moe), , Fp Bs)) re 


Eqe 5e2 is of a more reasonable form than the isothermal Tait equation for 


use at very high pressures, since the latter permits a state of zero volume 
for finite pressure and in consequence must overestimate the sound velocity 
at high pressures. The adiabatic of sea water (taken to be 0.7 molal HCl 
solution) passing through 1 atmosphere and 20° C. is adequately represented 
Beene tow icriin i715 De =. 3/047) kilobare-“*2q,, 562 peraits the calcu 
lation by straightforward methods of the shock*front conditions (Eq. 2.2) 
and of the enthalpy @) , acoustic velocity ¢ , and Riemann function o& as 
functions of the shock-front pressure. The results for sea water initially 
at 20° C. are listed in Table 5.1 for shock-front pressures up to 80 
kilobars,24/ 

In the further discussion of the propagation theory, it is necessary 
to employ various explicit relations for the various variables behind the 
21/ The quantities mn and were supplied by R. E. Gibson. 


22/ 4. G. Kirkwood and J, M. Richardson, OSRD Report No. 813 (1942). 
See also J. M. Richardson, A. B. Arons, R. R. Halverson, J. Chem. Phys., 


15, 785 (1947). 
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TABLE 5.1 - Properties of strong shock fronts 
in_ salt water initially at 20° C. 


W oo U c 
kilobars) (m./sec. ) (m./sec. ) (m./sec.) (m./sec. ) 
) 0 0 (1465) (1465) 
5 251 2h9 1975 2230 
10 426 416 2335 2755 
15 567 549 2630 3175 
20 689 663 2880 3535 
25 796 765 3110 3855 
30 898 859 3320 4140 
35 990 947 3510 41,05 
40 1075 1030 3690 4,650 
50 1235 1185 4020 5100 
60 1380 1330 4325 5505 
70 1510 1465 4,610 5880 
80 1625 1600 4885 6240 
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shock front. Eq. 5.2 provides a relation that is convenient for this pur- 
pose. Although the shock-front conditions should properly be calculated 
from the Ranking-Hugoniot relations, Eq. 2.2, the small value of the entropy 
change at the shock front makes it possible to assume an adiabatic change. 
Since the pressure bo of the undisturbed fluid can be neglected compared 


to the parameter B » we note that 
2 
B = Pole /n, (5.3) 


where (2 is the density and C, the velocity of sound in the undisturbed 


fluid. Using Eq. 5.2, we find the following important relations, 
2 n 
= i, = (| 
p= 2? IG) 
-1)/2 (n-i\Wan 
= ()” . 0, (1+ ab, ) ! 
(e foe (5.4) 
(n-U/2Z Co "tae in| 

Oras ad nafs Se (i+ 2.) S 


where i is the pressure, C sound velocity, and ¢. sound velocity at zero 


pressure. The enthalpy q), equal to il ado » With neglect of dissipation 


is 


Heil & 
yr (Ceo + - om, (5.5) 
Moreover, if the Riemann function S is small at the shock front, the wave 


front velocity UV is related to & in the following manner, 
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z (5.6) 


Detailed numerical calculations, based upon the isothermal Tait 
equation and the Hugoniot conditions, have been carried out for the proper- 
ties of water at the shock front up to a pressure of 50 kilobars (1 kilobar 
= 986.9 atmospheres), They show that ae very small in comparison with u 
and that the change in adiabatic along the Hugoniot curve is slight. Except 
for the sound velocity @ at the higher pressures the approximate formas 
54, 525, and 5.6, based upon the modified Tait equation 5.2 integrated 
along the initial adiabatic, yield results which are not significantly dif- 
ferent from the numerical calculations based on Eq. 5.1. Since the Hugoniot 
curve for water crosses the liquid-ice VII phase boundary :-at about 25,000 
atm., extrapolation into a metastable liquid region inaccessible to measure- 
ment is necessary. The occurrence of the transition during the short time 
of passage of a shock wave seems entirely excluded on the basis of Bridgmen's 
experiments. 

We return now to the asymptotic theory of the pressure-time curve. 


The retarded time 7, (Ft) at the shock front is given by 


R R 
ay’ ar! 
t, (A) = Fi a Cru y (5.7 
UG e) alt) ) 
o 


obtained from Eq. 3.34 with the substitution C=C+u. The time-spread 
parameter » a measure of the broadening of the t = 5: seale relative to 


the eB scale, was defined by 
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: at 
Y= Golk : (3.35) 


The asymptotic propagation equation, valid when €)(#¢) can be approximated 


in acoustical form by PZ » has been shown to be 
p= (4,/R) chet Retr), t's 2-409), 
(3.37) 


To) = /2 at ok CEI, 


We remark again that at the shock-front numerical calculation shows 
5 never to exceed a few percent of U. Therefore at the shock front or 
in a region immediately behind it, we can safely approximate 5 by zero and 
u& by & . We shall employ this approximation incalculating te and“ « 
Although the second integral of Eq. 5.7 defining t. » is taken along a path 
extending behind the shock front, it is easy to see that no point of this 
path lies very far behind the front. This is because the shock front RC t) 
moves only slightly more slowly than the wave of constant > > uhati dis; 
the point rit’; Cy) . The time elapsing between the passage of the shock 
front and of the wave of constant (o at any given point r is of the order 
of te or smaller, and for our theory only small values of Ce are important. 
Therefore the Riemann § has no time to build up to appreciable values. 
With the neglect of 5 » we may write, using Eqs. 5.4, 5.5, and 5.6, 
CHIL Vs Ce (1+ 28c) , 
Ie CrGir Bad 
OQ =O, rll+Bo), 
(3 2 Cnei/Ye, ; 
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(548) 
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From the equation of propagation, 3.32, Oo” and v satisfy the relation, 


Co Ore (I+ Bo), (ee) 


Change of variable from y' to O& in the integral of Eq. 3.48 and use of 


Eqe 5-9 gives 


ae E-ALiao), 


Oo~ ’ 
MpGadod |p?! obo! Len, 
MD = Cy a. 
(5.10) 
6%) a aetay Maia P z 
= Oe [2 La. fe Z. ley = |, 


Mee l//SS.., Ta. = Catt? 
where the subscript a denotes the value of a function on the surface of the 
gas sphere at time 7? . By differentiation of Eqe 5.10, we at once obtain 


the time-spread parameter Y of Eqe 3.35 


“opie eNbeas aienenad 7 aN aie pam ani 2: 
y=i/ Aly Zatl a Gee [tg & (2924 


Gilt.) 2 AG SAG» 


where Z andZ, are defined in Eq. 5.ll as | + (3 and L+ BI, 
respectively. 


J 
To determine the retarded time C, at the wave front, we con- 


sider the time + required for the wave front to reach the point R. 


7) 
R 
t = OE fy J ( ) 
o12 
PT da bene 


where lin) corresponds to a position of the front at point J” . Change 
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of variable from f~ to CO” and 72’ in the integral of Eq. 5.12, use 


of Eq. 5.9, and substitution in Eq. 5.10 yields, after an integration by 


wie 


, ao ae 
et | 26,00) Gulla) yg! 4 GIT) -6, 


Pa Be" 5 inagye * lt) Catto), 
’ f 
= | AT a peered 2 
=) =a ee Oe ca eit fog =& 
Je (3 | ier - Zay 22, 2 ER Ny 


P57) (o-') F 


C1) 


23/ To obtain Eq. 5.13 we proceed as follows. From Eq. 5.9 we get by 
differentiation : 
ay / 
eee iiGes te BAT ny at Woh Geta See: 
66 (1480) lo or litpo 
Employing this result together with Eq. 5.8 for U_ in kg. 5.12, 
we obtain 


: | a dt 
fee aei\| Cal 
(fii 


a oli po)? 
G 
pies ae ] 
~ &(%) a (itac)” o'(i +Bo')® 
G, 


Integration of the last term by parts, division of the interval of 
integration in the second term 


‘a ie ie 
o~ T— is 


and partial integration of the term 
| q 
o- 
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yields Eq. 5.13. 


433 


where C, , O| , and aie refer to the initial values of these variables on 


the gas sphere at time t = 0. Introduction of a new variable y » defined 


as o est 
ea ‘Utfpe')? 
oo 7 Via 
(5-14) 
= do + te —- - f (4 -—_ 
Nee a esl eee 
into Eqe 5.13 and differentiation with respect to c gives the following. 


linear differential equation, 


’ & t 
dy 2 641%) Bajar, ot HME Die 
et Ge PP Gl) (5.15) 


Nie jae | Ge es | 
te) = 3 [Stas - 
Solution of Eq. 5.15 yields the result 
Co Vo u GaaiG: f dp 
= —— eee — “oe 
I ee J erat "ep CF alias) ~ 2 
Eke nS Cuma, exta(a 2 (5.16) 
AG, a ) i = Fl (e/a, ) doy - 


% 


24 To obtain Eq. 516 we first integrate the linear equation 5,15 in stand- 


ard form, using the condition 43 O for t=O. Then 
Co ‘ 
4.5 2, |" Ge) [tent] at, 
BG, 


: Galt) a ¢ 
Rian. | ep eaeet PE 4 o.ce Soc) | 


Integrating the first term of Ga(t)N‘Cé) directly and the second 
term by parts, we obtain Eq. 5.16. 
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when G- (t) is known as a function of time, Eq. 5.16 determines Cy as 
a function of @ at the shock front, since y is a function of O~ alone 
by Eq. 5.14. By Eqe 509, Q” may in turn be expressed as a function of Fe 
and ic, and thus Eq. 5.16 determines ce as a function of R e in order to 


put this relationship into a more explicit form, we introduce the following 


definitions, 
% 
BuGe)- = eee: Gat) dt, 
XB) = |leIG, (5.17) 


xg = 7a, . 


From Eq. 5.9 and the definition of ZL as | + '/Ae, we find that Z is a 


function of 4 alone, 27 
2 RE SP sora a ere Ge 2s ‘| 2 
£ 207 [ i; (5 =) , (5.18) 
i ffs £2 a Lee a 


where () , is the initial value 1,6 O) of the kinetic enthalpy of the water 
at the gas sphere surface, Since Yy is a function of Z alone, it is by 


Eqe 518 a function of q alone, In fact, for large tT we get the asymptotic 


relation, 
= Ato = /7 
4 ae (5.19) 
[erg te fo, ZL t,. 
J (én | aA 2 Zy 


The definition of the characteristic time ee) is particularly useful 
when we employ a peak approximation to G,(t) e 
With the definitions of Eq. 5.17, Eq. 516 may be written in the 


form 
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K,/a> - 1/z - a K,¢g) = O 


2 


Ko = t+ «(Z,-0/2%,-a5,/2 


Kila) = (2,.-1/22, + Ly lg)+ Rd, (5,20) 
A 28, / By ) Gg; re O4/7C,. 


We may call Rilre) the dissipation factor, since it specifies the ratio of 
the peak value G, (¢,) at the point f{ to the initial value Gq (0) 

of G,(t) on the gas-sphere surface. The part of the wave emitted from 
the gas-sphere surface in the time interval t; is destroyed before the 


wave reaches the point R . Solution of Eq. 520 yields 


2K, 
I+ [r+ dak, Keg) ] 


Eqe 521 is strictly a transcendental equation for G% » Since a 


K(%,) = (5.21) 


depends upon (55, through x » and K } and K, depend upon (a through 
the integrals J, and J, . Given G,(t) » one may solve it exactly by 
graphical methods or by successive approximation. However, in most cases 
of interest to us, Je and ah can be neglected in comparison with the 

other terms in K. and K, without significant error. Moreover when the 


peak formula, 


aie ies Gace 4 (421) 


discussed in Section 4, is employed for G (t) » we have 


can cod ner) (5422) 


Iv 
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and Wis a constant. Under these circumstances, Eq. 5,21 is particularly 
convenient, since it at once determines the dissipation factor % as a func- 
tion of ¢ , and therefore of &@ or ihiw,. 

Whan the peak approximation, Eq. 4.21 can be employed for 


the time ie eal Y of Eq. 5.11 assumes the simple form, 


Z 4(Z- Zab 
+ 2AX Ir [@oy S z. (ZFINZE se Ser | 


Zo 1s glen + [gad + (yer)? eee) 


Go = &(t)/a%, 


1 Nie YORE 


where it is usually adequate to approximate zg Pas ae 
We now employ the definitions of Eqs. 3.35, 4.19, and 5.17 to ex- 


press the equation of propagation, Eq. 3.33 in its final forn, 


QR t) = % Pipe Nee 


gr ae Bo, (562k) 


‘ 
where t is the time measured from the instant €., at which the wave front 


3 


arrives at point R e The dissipation parameter X is to be calculated by 
means of Eq. 5.21 and the spread parameter 7 is to be calculated by means 
of Eqs. 5.23. 

6. Asymptotic Behavior of Pressure Wave22/ 

We have pointed out that the kinetic enthalpy propagation theory 
is considerably simplified at large distances from the charge. At distances 
great enough so that the kinetic enthalpy can be represented by its acous- 
tical approximation, the theory reduces to a description of the propaga- 


tion of the pressure, thus facilitating calculation of the pressure-time 


25/ See Reference 7, Section 5. 
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curve of the shock wave, The intensity and shape of the wave are determined 
by the dissipation parameter A and the spread parameter xX. These quanti- 
ties take on particularly simple forms at large distances from the charges, 
R/a,> > { - An examination of their asymptotic forms permits a clearer 
grasp of the physical characteristics of the pressure wave than is to be ob- 
tained from the more exact but more complicated formulae of the preceding 


discussion, 


The propagation equation has been written in the form 


QER,t) = 4 (a,/RI2, e118 
6=8yY, be tot : (52h) 


where t, is the time at which the wave front arrives at point ff » and where 
the dissipation parameter XA and spread parameter Y are given by Eqs 5,21 
and 5.23. At distances at which 2 (R Ai a) can be represented by its acous- 


tical approximation b/p >» Eqe 5-24 yields for the pressure, 


p= 2/R) F, areae , 

p = Pel, , 8 = 8, V(R/a,) | (6.21) 
c) 

Xx = AlP/e,) , 


where ©, is the density of water at zero pressure. For most explosives, 
p/, fo is an entirely adequate approximation tof2 at distances exceeding 
twenty-five charge radii, 

At large distances from the charges, R/a o?7! , the wave propa- 
gates with nearly acoustic velocity c,), and a sufficient approximation for 


the particle velocity u (cf. Eqe 3.23) is 


7G.) i 
. CoE * OR 
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The afterflow term gl er negligible relative to the first term at large 
distances for a long period of time after passage of the wave front. In 
fact, we may define the initial pulse as the region behind the wave front in 
which pl Re is negligible. It becomes the dominant term in the afterflow 
region which does not concern us here, 

The asymptotic expressions for the dissipation and spreading 


parameters, A and Y » at large distances are the following, 


“(PoCala)”* (« K fog Ra, )v? 
Pg % Bie. (6.2) 
Gtr) 
de = &p cz tog R/a., ’ 


if we approximate K by unity, from which it differs only slightly. The peak 


Wy 


pressure at the shock front Pin is given by the asymptotic formula 


y (CaS 1/2, i pa 
in = (G*) ae te, R/a,/ - zs 


Eqs. 6.2 and 6,3 have several interesting features. The peak pressure does 
not decrease exactly as / i? as required by the elementary acoustical approx- 
imation, but slightly more rapidly because of the logarithmic factor, 

(log R/a, a Ve in x. This factor varies, of course, very slowly in com- 
parison with 1/fR e its presence is due to the progressive destruction of the 
head of the wave at the shock front (increase of % ) which persists even at 
large distances. The difference between local sound velocity and waveefront 
velocity, which gives rise to destruction of the wave front, is connected 

in an interesting way with the energy dissipation at the shock front, as we 


shall presently see, 


ae 
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The peak pressure at large distances is not proportional to the 
initial pressure at the gas sphere surface, roughly a or Pp £2, » but 
varies only as the square root of this quantity pe e Since the peak 
pressure contains the factor Ba which measures the time of decay on the 
surface, it will be larger the more sustained the pressure is at the sur- 
face of the gas sphere. In the asymptotic peakepressure formulas the explo- 
sive is completely characterized by the ratio Rx or 6,R /@, . 


Recalling the definition of A. >» Eqe 5017, we find 


G 


, ¢, p 
8 = At Ae. A? (6.4) 


for times GS sufficiently large to permit the neglect of G.¢ tx) in com- 
parison with G, in the expression for 8, - With the use of Eq. 6.4, the 


peakepressure Eq. 6.3 may be written in the form 


V2 
F = =" p C - ic 
ny A 4 hog R/a, ) 
Tv, (6.5) 
Gare GImarv , 
0 


The peak pressure is thus determined by % » the time integral of Gt) 
over the interval iS » and not by the initial value Gx on the gas sphere. 


The result is independent of the form of G, (Ga) ea 


After a time 7, long in comparison with the time of decay of the 
pressure at the gas sphere surface, we might expect YC to approach a constant 


2 
value l, « This is not quite correct since the afterflow term QU / & in 
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Git) prevents the integral #{ from converging as [, ©. However, 
the afterflow term contributes only a slowly varying term of the order of 
ig to Ate If Ren is a time long in comparison with the time of 
decay of the pressure on the surface of the gas sphere but short relative 


to the time of decay of the afterflow term av" le » “ will approach the 


value Gm te 2 © 
K,=—sai | Gat x —— 
m ~ Bae c* Pies P oP," (6.6) 


and remain nearly constant for all distances at which the peak pressure in 
the initial pulse has practical interest. In the peak approximation, Eq. 
4.21 # is of course independent of ¢, and has the value FG MPa, 4° 
at all times, 

We turn now to the time scale of the pressure wave at the point 
R . The parameter Y , Eqs. 5.23 and 6,2, measures the spread of the 
time scale. Waves generated at the gas sphere in the short interval (si 
are spread out over the much longer interval a when they arrive at a 
distant point R - We first consider the asymptotic form for Y appropriate 
to the peak approximation, Eq. 4.21. In this approximation, the second of 
Eqs. 6.2 becomes 

OE al ip ae (6.7) 

In other words, y. is proportional to the reciprocal of the dissipation 
parameter % . As a consequence of Eq. 6.7, we find that the asymptotic 
duration Q of the pulse, equal to 20,/ 2, does not depend directly on the 
time 8 of emission of the wave from the bubble surface, Instead 8 depends 


only on the properties of water and the peak pressure Pm at the sist e 
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From Eqs. 6.2 and 6.7, we easily obtain the interesting but of course 


rough estimate of e) ’ 


B= U12s5 RP Pro "4 Ria (6.8) 


ath g 6 is expressed in milliseconds, R in meters, and Pe in kilobars. 
The factor 0.125 is to be replaced by 0.017 if R is expressed in feet, 
Pa in tons/in.* and common logarithms are used, 

Thus far we have considered the parameter Y as constant 
throughout the pulse. This is not strictly true, and in fact the 
approximation formulas of Section 7 are somewhat inaccurate as a re- 
sult. At small values of G.(v) » & approaches unity and the distor- 
tion of the time scale is removed, Thus, while the crest of the ini- 
tial pulse will be considereably spread out in time, its tail will 
arrive with practically the same time scale as that with which it 
originated on the gas-sphere surface. 

A rough approximation to the time scale without use of the 
peak approximation may be obtained in another way. Remembering that 
ye is (ot /or), and integrating the second of Eqs. 6.2, we get 


ne eee b Ria, (6.9) 


t ca a é 
where 7 is identical with the time of decay of Eq. 6.8. Although 
the linear decay of pressure as a function of time, embodied in Eq. 6.9, 
is too crude an approximation for practical purposes, it is of some 


interest in showing that there is no reason to believe that a very 
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sharp pressure peak exists immediately at the shock front. If such 
a peak existed at the gas sphere surface during the generation of 
the wave, it would be wiped out by subsequent development of the 
wave, accompanied by destruction of the wave crest and spreading 

of the time scale, 

An important quantity characterizing the wave is the time 
integral I of the pressure, which we may call the impulse. The 
values of I and Py, are useful in characterizing the duration and 
intensity of the initial pulse. We define I as follows, 

tm 
dit = prt at ; (6.10) 
t 


o 


where t is the time of arrival of the wave front at R and t,, = to 
is a finite time long relative to the duration of the initial pulse. 


Due to the afterflow, I fails to converge for ten —~ CO unless the 


oscillations of the gas sphere are taken into account. From the equa- 


tion of propagation, we get 


T 5 faz/R) L, ) 


“a 


te 0 
Ie Ge ee fe 4 (6.11) 
om Va Gv : 5 XE(WA?, 

te % 


With the use of the asymptotic relations, Eqs. 6.2, we obtain, 


: [EA = £oP fo aK. soon 


F\ 


o 


We remark that the momentum integral 1, is asymptotically determined 
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by the same parameter 7 as is the peak pressure Pme in the 

peak approximation I, is equal to Po It is interesting to 

notice that I, is conserved, that is, it is unaffected by dissi- 

pation at the front. The latter statement holds not asymptotically, 

but can be proved to be true at any distance R fromthe charge. 
Another important quantity characterizing the initial pulse 

is the total energy flux Ee at a distance R fromthe charge. Quite 

generally, the energy current density at a point in the water ae 


The total energy flux through the sphere R is therefore given by 


~ 
E, = 40 R* | pudar. oe 
t 
At large distances, yu = Q / €5» and the theory of propagation gives 
pee Ne (6.14) 
f Gi YG(TIAY , ; 
G 


With the use of the asymptotic relations, Eq. 6.2, we obtain 


The asymptotic energy flux again depends upon the properties of the 
explosive only through the single parameter fC =, which also deter- 
mines the peak pressure and momentum of the wave. We remark that the 
energy Ee is not conserved, since it contains the factor x which de- 


creases monotonically with increasing distance from the charge. 
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The decrease of the energy flux with increasing distance 
from the charge allows us to give a physical interpretation to the 
qquantity x, which justifies its designation as the dissipation 
parameter. We shall in fact show that, although we have neglected 
dissipation terms in the equation of motion behind the shock front, 
our theory implicitly takes into account energy dissipation at the 
shock front and does so in the correct way. Differentiation of 


Eq. 6.15 and use of Eq. 6.2 yields 


SE be as ee (6.16) 


b, = (44,/R) be 
The rate of dissipation of Ep at the shock front is therefore pro- 
portional to Pe, the coefficient of O in the shockefront velocity, 
= (itso) « It can also be shown that for shock waves of low 
intensity, the parameter f- determines the entropy increment AS 
experienced by unit mass of water in passing through a shock front 


of peak pressure Poe 4 


ba [oe 
AS = ne lloge Sona 


. z 6. 
ly Bite J a+ ua ee x | vege 
6 o dpe F 


where v is the specific volume of water. Thus we may write, 
te a 
WaZs “ase te (6.18) 
6 60 


As the shock front advances a distance dR, the water in a volume 
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by Eq. 6.18. As a result an amount of energy -dE, equal to 


47 R Vole Lis aR is dissipated and remains bound in the 
water after the passage of the shock wave and return of the pressure 


to the value zero. The rate of dissipation is therefore given by 


2 g 
_ ae, ur” 3 Pn 
Aer F ee U (6.19) 


which agrees exactly with Eq. 6.16 obtained from our theory of 


propagation. 

Since all the quantities Py? 8, I) and Ep depend upon 
the explosive producing the wave only through the parameter 4E , 
it is desirable to summarize the formulas relating them to this 


parameter, cf. Eqs. 6.3, 6.9, 612, and 6.15. 


pPete (409 R/a,)* 4", 


ae 
iN 


/2, 


= 2B.a, (toy Ria)" gla 


6 
E, = Payot © i 


E co Sir 5 2% (uy R/a,) 


\ 


ci 3/2 (6.20) 


The peak pressure and time of duration of the pulse are thus propor— 
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tional to vane the momentum to #€ , and the energy flux to Te ae 
In order to estimate YC , it is, of course, necessary to use the de- 
tails of the theory of the preceding discussion since *# is not 
specified in any way by the asymptotic theory. 
7. Calculation of Pressure-Time Curve. 

We now proceed to outline on the basis of the theory of 
the propagation of the kinetic enthalpy a scheme for calculating 
the pressure-time curve of the shock wave produced at a distance 
R from an explosive and to list typical results of such calculations. 
The formulas necessary for this calculation can be assembled at once 
from the foregoing sections of this report. We shall restrict our- 
selves to the peak approximation to G,(t), since although it distorts 
the tail of the shock wave somewhat, it leads to a particularly simple 
set of formulas which are probably adequate for engineering calculations 
requiring estimates of the intensity and duration of the initial pres- 
sure pulse. More elaborate formulas based upon the more refined ex- 
pression for Ga(t) of Eq. 4.18 may be readily set up when desired. 


The peak formula for G,(t) is obtained in complete form 


from Eqs. 4.9 and 4.19, 


7] 
e| & 
o 
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ee 
<a 
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rE a 
a on (7.1) 
: C+u Ene “a 
i% uC, [ + Gy, > ele 
™ ant Atal rh €,-t, J 
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where u, and {1 are the initial values of material velocity and 
kinetic enthalpy of the water at the gasesphere surface a; 
A, ) ¢ ie W, » the initial density, sound velocity, and enthalpy 
of the water at a; Se ¢ ; Ww, the initial values of the same 
quantities in the gas just interior to the sphere surface a). 
The equation of propagation, Eq. 5.24, has been written 


in the form, 
ms -t/0 
M20Rt) =X (9) 2, é : (7-2) 


where t' is the time measured from the instant t, at which the wave 
front arrives at point R. At distances at which RR, t) can be 


represented by its acoustical approximation, we have obtained (Eq. 6.1) 


p= x(g)Rer” 
P= AX, 5) Srey aie 


(7.3) 


where Ps is the density of water at zero pressure. For most ex— 
plosives, the acoustical approximation to Q is entirely adequate 
at values of R/a, 2D 25 . For smaller values of R/a,, it is preferable 
to use Eq. 7.2 rather than Eq. 7.3. 

In order to calculate the dissipation parameter x and the 
time-espread parameter, Y » we again introduce the variable q 


R/a, = ¥%- (7.4) 


Neglecting the relatively small terms in J, and J, Eqs. 5.20 yield 
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2K 
1+ fir dak Kio] ”* 
W,= 14+0(2Z,-U/2Z, 
Ko) = (2,-Y/ez, +1) yg) 
y 9) a log Z/Z, -# (Vz, -/Z) t(z"- 1/242 , 
eek t 7/2t) + Lost + (esa )ay 2, 
is + i/o, ) = B42 ee. Ce ao/t, B, , 


Eqs. 7.5 suffice to determine x as a function of q for given initial 


A= 


(7.5) 


values of 2) : oF >» and G A After (2 ; Oo, » and Oo have been 
determined for a given explosive, x is convemiently determined as a 
function of R/a, by first calculating it as a function of q by Eq. 7.5 
for several appropriate values of q, plotting or tabulating these values 
of x against xq (equal to R/a, by Eq. 7.4) and interpolating from the 
graph or table to obtain x for a desired value of R/a,. 

To calculate the time-spread parameter A » we employ 


Eq. 5.23 and tks ea ga by xX. 


- Z ME Za) 
Lewin Be as [lg F eaaeonlee 


LEM ae + Ey ME (fara. 

Eq. 7.6 determines the parameter ¥ as a function of q and x(q). Jt is 
convenient to calculate for those values of q employed in the calcula- 
tion of x(q), and to plot or tabulate the resulting values of Yr against 
Xq. From such a graph or table one may at once interpolate g for a de- 
sired value of R/a,- We remark that at large values of R/a,, the last 
term of Eq. 7.6 is the dominant one in Y « it contains as a factor 

a or 6,/8, » where @, is ao/eos Thus at large distances the time of 
decay, Y@ » is controlled by 9,, a time characteristic of water rather 
than of the explosive, although of course the second factor in this term 
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in vf depends on the characteristics of thee xplosive. 

The results of the calculation by the methods of this section 
of the shocksewave parameters for the underwater explosion of spherical 
charges of TNT and Pentolite are listed in Tables 7.1 and 7.2. Figure 7.1 
shows the variation with distance from the charge of the peak pressure Pra 
and the time constant 8 for TNT. Figure 7.2 shows the variation with 
distance forthe same substance of the dissipation parameter X% and the 
spread parameter Y . Theoretical predictions have been made for 48 
different explosive combinations comprising 13 different explosives. 
Reference should be made to the original reports for the complete 


tabluations of the results of the theory .26/ 


8. Similarity Restraint Propagation Theory2/ 
In this section, we describe an alternative theory of the propa- 


gation of shock waves from the underwater explosion of spherical charges 
of explosive. The theory to be described results in the formulation of 
a pair of ordinary differential equations for peak pressure and shock-wave 
energy as functions of distance from the source. These equations can be 
integrated numerically for specified initial conditions, and they provide 
a particularly simple method for the extrapolation to points close to the 
charge of experimental peak pressure—distance curves, measured at large 
distances from the charge. Although less convenient than the analytical 


theory that has been described in the previous sections and less instructive 


26/ J. G. Kirkwood, S. R. Brinkley, Jr., and J. M, Richardson, 
OSRD Report No. 2022 (1943); OSRD Report No. 3949 (1944). Cal- 
culations in earlier reports by Kirkwood et al. are superseded 
by these reports. 


27/ See Reference & 
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TABLE 7.1 - Calculated shockewave parameters for INT, density 1.59 


R/a x x (10-5 see ./cm. ) eee 
al 1,00 1,00 0.344 3701 
10 0399 4, 40d, 1.39 1.39 
25 2300 6.43 2521 0421 
50 0258 8.11 2.79 e181 
100 2231 9655 3.29 20807 


TABLE 7.2 — Calculated shock-wave parameters for Pentolite 
(PETN/TNT 50/50), density 1,60 


6/a, Pn 
al 1,00 1,00 0.310 41.8 
10 0372 4e37 1.37 1.46 
25 e2l7 7.09 ene. 0435 
50 0237 8.96 2.81 e187 
100 e211 10.6 Shas) e831 
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FIGURE 7.1 - Calculated peak pressures and time constants 
for TNT, density 1.59. 
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FIGURE 7.2 - Calculated dissipation and spread parameters 
for INT, density 1.59. 
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as to the physical features accompanying the decay of the shock wave, the 
theory of this section requires fewer assumptions than does the former 
theory. Since these assumptions are quite different in nature from those 
of the former theory, the comparison of the two theories is of considerable 
interest. 

The partial differential equations of hydrodynamics and the 
Hugoniot relation between pressure and particle velocity may be used to 
provide three relations between the four partial derivatives of pressure 
and particle velocity, evaluated at the shock front, with respect to time 
and distance from the source. If a fourth such relation could be formulated, 
it would then be possible to formulate an ordinary differential equation for 


the peak pressure as a function of the distance from the source. 


dp. F(p,R) , (8.1) 
AR 


On mathematical grounds, it is, of course, futile to seek a fourth relation 
between the partial derivatives which does not involve an integral of the 
fundamental equations of hydrodynamics, However, we shallshow that an ap- 
proximate relation of the desired form can be formulated by imposirg a sim- 
ilarity restraint on the shape of the energy-time curve of the shock wave 
and by utilizing the secemd law of thermodynamics to determine at an arbi- 
trary distance the distribution of the initial energy input between dissi- 
pated energy residual in the fluid already traversed by the shock wave and 
energy available for further propagation. 


The Eulerian equations of hydrodynamics, Eqs. 3,1, for spherical 


| Sacave trebebeaier | Au Dh, ou 2 aoe 
Poy ar | ope’ DE «0 r ies 
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The development of the theory is most easily carried out in terms of the 
label (Lagrange) coordinate I, , the position in the undisturbed fluid of 
density 9, of a volume element which at time t has the position f. The 
transformation from the Eulerian coordinate }* to the Lagrangian coordinate 
Y, is effected by means of the definition, 
or 
icra = eal (8.3) 
" 
and the Lagrangian equation of continuity, which is 
mie 
or Mae 
) t = Are (8.4) 
"5 t FP 


for spherical symmetry. Eqs. &.2 are thus transformed to 


‘ J 
(EET DIR eae 2 - au , 
Ac Te iid 
Ou ré p) = O 
bose” Ke 5t ; (2.5) 


YVilw 
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where W is the particle velocity, p the pressure in excess of the pressure 

bo of the undisturbed fluid, is the density, Pe the density of the undis- 
turbed fluid, t the time, and ji* the Euler coordinate at time t of an element 
of fluid with Lagrange coordinate " - Eqs. 8&5 are supplemented by the 
equatio.. of state of the fluid and the entropy transport equation d5/ ot =0 5 
the latter of which we shall not explicitly use. Eqs. 8.5 are of a hybrid 


form in that we use the Lagrange coordinates ie and t as independent 
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variables but retain the Euler equation of continuity. Eqs. 8.5 are to be 
solved, subject to initial conditions specified on a curve in the GS LE )- 


plane, and to the Rankine-Hugoniot conditions (Eqs. 2,2) at the shock front, 


aye 


rT al 
SS 
aa 
\ = 
"sles. 
— 
NS 


(8.6) 


(o 


where /\H is the specific enthalpy increment experienced by the fluid in 
traversing the shock front, and U is the velocity of the shock front. The 
Hugoniot conditions constitute supernumerary boundary conditions, compatible 
with the differential equations and specified initial conditions, only if _ 
the shock front follows an implicitly prescribed curve Rit) in the (r,t )- 
plane. Having thus stated the mathematical problem, we shall describe an 
approximate method of avoiding the explicit integration of the partial dif- 
ferential equations. 

We shall denote a derivative in which the shock front is stationary 


by 
renee ole dt 2] 
ER ou pea yee or TAR Ot eee 


Seiny 
dr, U dt ek 


If the operator aldr is applied to the first of the Hugoniot relations 


‘ (8.7) 


i 


(Eqs. 8.6), and if Eqs. &.5 are specialized for the shock front, yy = Ip, we 


obtain the following three relations for the four partial derivatives dp/ot,, 


fe (du ple (2b) -- ang | 


Ite) On OFZ OR 
(d's it ns) 280009 | 
(24) + UR) ay (sb) & aba ie a 


[in = PC Pa) , Alba Ge Fin) 
where g = Poll du Ap, =f: d Log U/d fog Pin and where the prime indicates 


(8.8) 


that the partial derivatives are to be evaluated at the shock front. The 
seuvet awed is to be calculated from the first of the Hugoniot relations, 
Eas. 8.6, All coefficients in Eqs. 8.8 can be expressed as functions of 
pressure alone by means of the Hugoniot conditions and the equations of 
state of the fluid. 

We now desire to establish a supplementary relation to permit the 
formulation of an ordinary differential equation for the peak pressure as a 
function of distance from the charge without explicit integration of the 
fundamental equations of hydrodynamics. The physical basis for the supple- 
mentary relation to be established lies in the faeh that the nonacoustical 
decay of waves of finite amplitude is closely associated with the entropy 
increment experienced by the fluid in passing through the shock front and 
the accompanying dissipation of energy. As a shock wave passes through a 
fluid, i. leaves in its path a residual internal energy increment in each 
element of fluid determined by the entropy increment produced in it by the 
passage of the shock front. As a consequence, the energy propagated ahead 


by the shock wave decreases with the distance it has traveled from the source, 
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The work w(K) done by a spherical shock wave on the fluid ex- 


terior to a sphere of radius A is 


° é 
WR) = 47 | fr( ht] u(pt po) dt, (2.9) 

t (R) 
where P and tt denote excess pressure and particle velocity behind the shock 
front, t() the time of arrival of the shock front at point Fr » and r(FA,t) 
the H#uler coordinate of a particle of initial Lagrange coordinate Rh. The 
integral is along a path of constant Lagrange coordinate R - By the second 
law of thermodynamics,we assume that after the shock wave has traveled to 
infinity, the work W(R ) » delivered to the fluid beyond H » is dissipated 
to internal energy of the fluid, each particle of fluid returning adiabati- 


cally to a state of thermodynamic equilibrium of pressure p and an entropy 


° 
exceeding its initial entropy by the increment corresponding to the peak 
pressure at which the shock front crossed it, 


The adiabatic work W, (equal to the energy of explosion) done by 


a spherical charge of explosive of initial radius a, on the exterior fluid is 


K oe 
Woe Pols, El fol ted 4 7, +] ru (f tRALE, 8,20) 
Ao C(n) 


where E is the specific energy increment of the fluid at pressure fe and for 


an entropy increment corresponding to shock-front pressure b « Now, 


1 © : 2 AV 
b. ur *At = bf Pail dr + bo 2 (¢.11) 
ab Bt 
where fis the final density of the fluid, and AY is the volume increment of 


the gas sphere composed of the explosion products. Using Ea. 8.11, we com- 


bine the last term of the time integral with the first integral to obtain 
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R 0 

Wo . 2 bAv 2 

a= Py WA pated] dre + s+ f rup a Ean) Nene) 
a, t(R) 


where the dissipated enthalpy h = E+ pAlyy is the specific enthalpy 


increment of an element of fluid, traversed by a shock wave of peak pressure 
Pen » after return to pressure Pe on its new adiabatic. Assuming the time 


integral to vanish at Ff = 00 » we have 


oe 
W, a Ld p, AV 
pA zi [eo (r)]dr + Foo , (8.13) 
4 ir rea I a a 
a) 
Subtracting Eq. 8.13 from Bq. 8.12 and transposing, we obtain 
eo 
DIR) = reupadl , 
t() 


(8.14) 


D(R) ro hp, lars + 
R 


To exclude contributions of second shocks arising from possible oscillations 
of the gas sphere, we may within the limits of approximation of incompressive 
hydrodynamic theory apply Eqs. 8.13 and 8.14 up to the time the gas sphere 
reaches maximum radius instead of to infinity. AV then represents the 
volume increment of the gas sphere to maximum radius, and pPoAVv the part 
of the energy of explosion available for secondary pulses, which may eventu- 


ally develop into shocks. 
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The integral of the energy-time curve, Di {) » is thus expressible, 
through Eq. &el4, in terms of the peak pressure-distance curve of the shock 
wave at distances beyond R - It is to be remarked that Eq. 8.14 and the dis- 
sipation assumption do not violate conservation of momentum, since, through 
spreading of the wave, it is possible for the total momentum to remain finite 
while the particle velocity everywhere and the total kinetic energy tend to 
zero, Our dissipation assumption breaks down if the first shock wave can be 
overtaken by secomd shocks built up in its rear. This will not be the case 
if the pressure-time curve is initially monotone decreasing with asymptotic 
value b, e if the excess pressure p has a negative phase, a second shock 
will develop in the negative part of the pressure-time curve but cannot over- 
take the initial positive shock. In this case our theory will apply to the 
positive phase if the time integrals of Eqs. 8.9 to 8.14 are extended not to 
infinity but to the time es at which the excess pressure in the positive 
phase vanishes, The general theory of shock waves is not sufficiently 
developed to permit one to say that there is proof for the foregoing state- 
ments, or even that a spherical shock is stable, but the statements can 
nevertheless be accepted with some assurance as plausible, 


We now shall express the energy-—time integral in reduced form, 


GR) ies R* Pm Um ) vd, 7 
1 2 ‘a (=?) + (Ou Ys Zula) 


(Fn) (8.15) 
re t —¢(R) 
y= F(R, Pdr , = ia ) 
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FOR, 23) = re *pulR® Pm “Pod . 
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The function f( AR ' v7, ) is the energy-time integrand, normalized by its peak 
value RH bat the shock front, expressed as a function of A and a reduced 
time P vinich normalizes its initial slope to -l if i does not vanish. Thus 


f(KR? ) is a function having the properties, 


PER Oral =, 
[otf] y. 0 a al 


We also assume Fo be a monotone decreasing function of +, Elimination of 


(8.16) 


Ins between the first two of Eqs, 8.15 yields the desired fourth relation be- 
tween the partial derivatives at the shock front supplementingEqs. 8.8. It, 
of course, involves integrals of Eqs. 8.5 for the knowledge of the reduced 
energy-time function ¥( R,) . However, if f( Qo, WY) is initially a mono- 
tone decreasing function of Y, F(R, Y) will remain so, and in fact will at 
large R become asymptotically a quadratic function of a> corresponding to 
the linear form of the pressure-time curve shown in section 6 to be asymptot- 
ically stable. This means that y is a very slowly varying function of R 5 
for which sufficiently accurate estimates for many purposes can be made without 
explicit integration of the hydrodynamic equations, Eqs. &.5. 

The assignment of a constant value, independent of R » to y is 
equivalent to imposing a similarity restraint on the energy-time curve of the 
shock wave, This type of approximation is equivalent in principle to that 
underlying the Rayleigh-Ritz method for solving vibration problems, although 
we have not, of course, developed a variational procedure designed to carry 
the result to any desired degree of approximation. 

The initial pressure-time, and also energy-time curve, of an ex— 
plosion wave is rapidly decreasing. An expansion of the logarithm of the 


(a 
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function in a Taylor series in the time, the well-known peak approximation, 


is appropriate for an initial estimate of y « This corresponds to an expo- 


nential f(?), ae 
= © , 
i (8.17) 


For the asymptotic quadratic energy-time curve, corresponding to the linear 


pressure-time curve of the positive phase of a shock wave, 


pie sf7 PE) orap- Sk, 
f = oO y) ~~ d24, 


y= 2/3, 


As a convenient empirical interpolation formula between the two extreme 


(8.18) 


values of -¥ » we have found the following expression to be satisfactory. 


- Pin7P 
p= cone (8.19) 


For explosion waves in water, the value v = | is suitable for all but very 
great distances from the charge, Kt >? 100 charge radii. 
Elimination of ie between the first two of Eqs. 8.15 and combina- 


tion with Eqs. 8.8 yield a set of four eauations for the four partial deriv- 


atives (dp/at), (du/dt) i (dp/ on) ‘ and (Ou/3 ty) at the shock front, 
4, 
Bap), Io fow\ "eine 2". at pas 
(5) ; u., (52) a ag D(R) 


& (§ + passe) ae (24)=- 4/2) 2 4820) 
duy's u(dey= 2 () © 2(st), 
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where the coefficients are determined as functions of p mn by the Hugoniot 
relations, Eqs. 8.6. By differentiation of the second of Eqs. 8.19 we 


obtain a total differential equation relating D to [ee andl, 


AD | _ pe? 
dk Aa (8.21) 


Equations 8.20 and 8.2] are exact, although in using them we shall employ 
the similarity restraint in estimating the slowly varying function v . We 
remark that Eqs. 8.20 are valid for plane and cylindrical shock waves when 
the terms 2 u/ R are replaced by zero and Uy / R » respectively. 

Solution of the equations 8.20 for (dp/at) and (Jp far). 
and the application of Eq. 8.7 yields the desired total differential equa- 
tion for ap /AR along the shock front. This equation is to be solved 
simultaneously with Eq. 8.21. The final differential equations can be 


written in the form, 28/ 


28/ We remark that if these methods are applied to the one-dimensional 
cases of the plane shock wave and the cylindrical shock wave result- 
ing from adiabatic constant volume conversion of an infinite cylinder 
of explosive to its products, the resulting propagation equations can 
be written in the form, 


ol b a Ri f CG 
p Bey ae as) 
as ae M(p,) Der) [g0* ip ~S ) 
Pi uise KR hth..) 
£0. A Rhl ba), 
where & = O for the plane wave and & = | for the cylindrical wave, 


and where So e 
Dir) 2 | ha’. hl p(rddr, ' 
R 


The suockewave energy per unit area of initial generating surface is 
equal to ag*D¢<F . Eqs. 8.22 for the spherical wave are obtained 
withA=2,. It may also be noted that the theory has not required 
the approximation of adiabatic flow employed in the kinetic enthalpy. 
propagation theory. The exact Hugoniot curves of the fluid may be em- 
ployed in the numerical integration of the propagation equations. As 
a result, the present theory is applicable to blast waves in air as 
well as to explosion waves in water. 
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ee) 


IK 9 as Eas eros? y) 
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= = Rl) ) (8.22) 
Halse t Fal Uy cy | a es 

where V(b) 2 R(itg)- G ; 

Glin) = 1 (Wn Sq! ie 

9p) = p= dlog U/d 609 fog : 
By means of the Hugoniot relations, Eqs. 8.6,and the equation of state, the 
coefficients of Eqs. 8.22 can be determined as functions of peak pressure 
only. 

For the solution of the propagation equations by numerical inte- 
gration with specified initial conditions, it is convenient to transform 


Eqs. 8.22 to the dimensionless variables, 


ope. ? 
Q = (22) D (8.23) 


nel asp Rote 


where n andB are the parameters of the Tait equation of state, 
n é 
p= B} (2) -1] , BAaln, (Soh) 


The resulting propagation equations may be written in the form, 
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é 
where y G sorte! | 
2 (2 — Fe alll ; 
Ln) =( 3 nt] aba U*2 (14 9 G hes 
peony) oc 2G 
fq) = (2% )] 5 fn AU" res) ia ale 2 


The quantities L(t) I] CB » and NE) are listed in Table 8.1 as 


functions of B, /B » and the auxiliary quantities GE), 4 (ee 
Gee ? and U/e, are listed in Table 8,2 as functions of the same 


ee eumenteee/ The integration of Eqs. 8.24 by numerical methods is easily 
carried out by standard procedures,20/ 

It is of interest to examine at once the asymptotic form of the 
solutions of Eqs. 8.22 or 8.24 for small excess pressure i « The normal- 
ization of the coefficients of Eqs. 8.24 has been so arranged that 

zim (b,, 70) LABS = 
tin (Fa —> ©) M(B) 
1m (fe = o) N (Pea) = | 


The asymptotic equations are 


. ie aa 
oly yY (8.25) 
Cee 
Se J 
AR 
with the integrals, ~t/Z 
Tb, = Fle RR] 
(8.26 


Bates, 


2 S. R. Brinkley, Jr., and J. G. Kirkwood, OSRD Report 5649 (1949). Tab-= 
ulated values of the impulse (infra) listed in this report contain a 
systematic numerical error. The shock-wave impulse should be separate- 
ly calculated by Eq. 83h. 

30/ For example, see J. B. Scarborough, Numerical Mathematical Analysis; 
Johns Hopkins Press, Baltimore, Md. (1930), pp. 218 ff. 
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TABLE 8.1. - Funetions for the integration of the 
propagation equations in sea water 


M(py) N(P_) 
1.5000 0 
1.4843 0.001495 
1.4670 2002924 
1.4524 2004355 
1.4363 2005725 
1.4207 007075 
1.4054 - 008424, 
1.3871 2009774 
1.3759 01112 
1.3617 201247 
1.3479 .01380 
1.2175 202622 
1.1058 003745 
1.0095 04763 
09305 205676 
08555 206581 
©7923 07388 
07378 -08156 
6886 -08867 
06439 209517 
e 4793 e 1235 
3844 01416 
+ 03123 01563 

0 252k 21696 
22048 1815 
~1695 01919 

e 1465 e 2009 
01348 = 2085 
202770 22678 
201731 22848 

- 01242 03143 
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TABLE 8.2 — Auxiliary functions for shock waves in sea water 


U/eg 


1,003 
1.006 
1,008 
1,011 
1.014 
1.017 
1,020 
1,023 
1.025 


1.027 
1.054 
1.072 
1.103 
1.126 
1.148 
1.170 
1.191 
1.211 


a(P,) 


G(p,,) 


0.005654 


PIP, 


1.001393 
1.002774 
1.004142 
1.005502 
1.006846 
1.008180 
1.009499 
1.01082 

1.01213 


1.01342 
1.02584 
1.03738 
1.04818 
1.05835 
1.06797 
1.07705 
1.08568 
1.09392 


1.1018 
1.1368 
1.1673 
1.1935 
1.2136 
1.2302 


1.4945 
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where fh and R ,; are constants. Eqs. &.26 are in agreement with the asymp- 
totic result of the kinetic enthalpy propagation theory Eq. 6.3. 

The most important parameters of the pressure-time curve in the 
analysis of damage to structures by explosion waves are the peak pressure, 
energy, and impulse of the wave. Since the energy is most simply related 
to our propagation theory, we shall discuss it first. The energy of the 
shock wave when it arrives at a point R is -y definition the workdone on 
the fluid exterior to the sphere R - Thus, the shock-wawe energy per unit 
area of the initial sphere of explosive is D(i)/ a? e if we denote by 


€ (R ) the shock-wave energy per gram of the initial explosive charge, we 


5) oe the , 


n 
ein) = (ya R ie (8.27) 


find 


where if e is the density of loading of the explosive. For the ses 
energy delivered to unit area, €(N) is te be divided by ‘RS W , where 
w , the weight of explosive, is to be expressed in grams / and K in 


centimeters, 
The impulse L of the shock wave has been defined by Eq. 6.10. 


We may approximate the Euler pressure-time curve of the shock wave by the 


peak approximation, -t/ fy 


p = pb. e ) (8.28) 


where the Euler time constant @ of the wave is defined as 


ye ; ad (SE). Ts (8.29) 


In terms of Lagrangian partial derivatives, the time constant is given by 
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(8.30) 
ae be Pn db, 
ey ee eae (8.31) 


Employing Eqs. 8.20, we obtain 
oe VAR, [ia hny i for] abn} 
5 Ulee Garang. Po | Pm 4k (8.32) 


All quantities in the expression for @ may be expressed in terms of the 


integrals of the equations for the shock wave, Eqs. 8.22 or 8.24, with the 
aid of the Hugoniot relations. 
For ane xponential pressure-time curve consistent with the peak 


approximation and exponential energy-time curve, the impulse is given by 
east) ae (8.33) 


and therefore 
cee a s ’ 
Bias ol L0t3) (mfp) -G6 Upp] BE 4 m) 2 (8.34) 


Eqs. 824 require the specification of two constants of integra- 


tion for their explicit integration, which is to be carried out by numerical 
procedures. The constants of integration may be determined either by the 
theoretica! calculation of the initial peak pressure and energy of the 
generating pulse from thermodynamic information concerning the explosion 
products or from experimental measurements of the shock-wave parameters. 


The former method makes possible an a priori determination of the peak 
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pressure-—distance curve of a givenexplosive, The latter method is useful 
in providing an extrapolation of an experimental peak pressure-distance 
curve, measured over a limited range of distances, to smaller or larger dis- 
tances from the charges. 

The constants of integration may be taken to be Te and 9, » the 
initial values of the reduced pressure and energy variables. The initial 
pressure b, for the instantaneous detonation state corresponding to adiabatic 
isometric conversion of the explosive charge to its products is determined 
by Eqs. 2.4 and 2,6. The initial value of the reduced energy variable is 
then determined by Eq. 8.23. 


b/B. 


In order to determine 9, » given by 


my 7s) [BN (i J+ |, (8.35) 


it is necessary to determine the partial derivatives (du ot), and 
(dp /ot), e The equations of hydrodynamics in the gas sphere and in the ex- 


terior medium yield four relations, 


Beh dt eae tie) ie)? 
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between the six partial derivatives (Ju/d Fr), ,(dusdory ) i (opsferg), ’ 
(dp/d ea ye »(d0u/dt) » and (dp/0t) » where the asterisked 
quantities refer to the gas and the unasterisked to the exterior medium and 
the subscript denotes the initial value of the quantity. The two Lagrange 
time derivatives are identical in gas and exterior medium because of con- 
tinuity of pressure and particle velocity. Two further relations are pro- 
vided by the shock-front stationary time derivative of the Hugonict relation 
between k, and U in the exterior medium and by the initial eondition, 


2 r */ OM, » on the gas sphere, 


pie) 0 Ge) wee) 


5\* (8.37) 
ee al 


Solution of Eqs. 8.36 and 8.37 for ( du/dt), and (dp/at), and sub- 


stitution in Eq. 8.35 yields the desired expression for §, as a function 


of p, ; 
Gi 


bf f) C2> 2 JCg,)- CG 
fr (fatitg,) -Gl(-BANer, ~)+al +9,(! aa ; 


(8.38) 


n+l 


where 


Oe a 


and where the necessary thermodynamic properties of the explosion products 
are calculated as functions of P. by methods outlined in section 2, 
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When the bubble of explosion products has expanded to maximm 
radius, it has a potential erergy equal to PoAV r whereAV is the 
difference in volume between the bubble at maximum radius and the intact 
charge of explosive of radius Q,. The energy associated with the explo- 
sion products after emission of the shock wave can thus be estimated from 
experimental measurements of the maximum bubble radius, For TNT, it is 
known that the energy associated with the gas bubble at its first maximum 
is approximately 480 cal./gm., a figure which is 45 percent of the estimated 
energy of explosion of 1060 cal./gm. The bubble energy at the first maximum 
is quite generally about one half the energy of explosion .21/ The assumption 
that Ss = €o/ 2 , where €, is the initial shock-wave energy and € o the 
energy of explosion, makes possible the formulation of an alternative method 
of determination of G, » the initial value of the reduced energy variable. 


Making use of Eqe 8.27, we obtain 


Q, = An”) pe Ce (8.39) 


Pi 


The disadvantages of the approximate nature of Eq. 8.39 are to some extent 
minimized by the circumstance that except in the immediate vicinity of the 
charge the shock=-wave parameters are not very sensitive to the initial 
energy of the wave. 

Calculated values of the shock=-wave parameters for the underwater 
explosion of TNT at a density of 1.59 gm. /om.? are listed in Table 8.3. The 


initial pressure, p, = 37 kilebars, was calculated by Eqs. 2.4 and 2,6 and 


31/7 A. B. Arons and D, R. Yennie, Phys. Rev., 20, 519 (1948). 
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TABIE 8.3 - Peak pressures and shock-wave energies for the 
underwater explosion of TNT, density 1,59 


R/a, fee) eas 
a 37.0 2390 
5 3.07 1590 
10 1.14 1320 
25 0347 1110 
50 2152 1020 
100 20680 955 


83 


473 


is identical with that employed for the calculation by the theory of 
Kirkwood and Bethe. The initial value of the reduced energy variable, 

Q) = 258, was calculated by means of Eq. 8.3822 This value corresponds 

to the value €, = 572 cal./gm. or, with an explosion energy of 1060 cal./ 
gm., to an energy of the gas bubble at its first maximum of 478 cal./gm. 
The remarkably good agreement of the latter figure with experiment is 
probably fortuitous, 

The calculated peak pressure-distance curve is compared with the 
predictions of the kinetic enthalpy propagation theory of Kirkwood and 
Bethe in Figure 8.1. At large distances, the results obtained by the sim- 
ilarity restraint theory are about 18 percent lower than those obtained by 
the kinetic enthalpy propagation theory. In view of the very different 
nature of the two theories, it may be concluded that the two theories are 
in satisfactory agreement. 

The application of the similarity restraint theory to the calcula- 
tion of the shockewave parameters for particular explosives has been facil- 
itated by the preparation of tables of the integrals of Eqs. 8.24 for a 
number of initial values of the peak pressure and reduced energy varianies=2) 
These tables permit the immediate evaluation of the shock-wave parameters 
for particular explosives after the initial conditions have been computed, 
and they may be employed with curve-fitting techniques for the extrapolation 
of experimental results, measured over a limited range of distance, to 


larger or smaller distances from the charge. 


32/ The thermodynamic properties of the explosion products of TNT were 


taken from a tabulation by J. G. Kirkwood, S. R. Brinkley, Jr., 
and J, M. Richardson, OSRD Report 2022 (1943). 
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Kinetic enthalry theory 
(Kirkwood-Bethe) 


PEAK PRESSURE p,,, (KILOBARS) 


Similarity restraint theory 
(Kirkwood-Brinkley) 


R 
REDUCED DISTANCE aS PX 3-/08 


FIGURE 8.1 - Calculated peak pressures for TNT, 
density 1.59. 


475 


9. The Shock Wave for Cylindrical Symmetry 


The theoretical description of underwater shock waves has so far 
been limited to the case of spherical symmetry. This case is the simplest 
one that corresponds to a situation that can be realized experimentally; 
and it is a good approximation, particularly at large distances, to the 
shock wave produced by charge shapes commonly employed. However, the 
theoretical investigation of shock waves of different symmetry is of in- 
terest for the information that it can give on the effect of symmetry upon 
the wave. 

The methods of the kinetic enthalpy propagation theory of Kirk- 
wood and Bethe have been employed by Rice and Gine112/ for a theoretical 
treatment of the one-dimensional case of an infinite cylinder of explosive 
undergoing instantaneous adiabatic isometric conversion to its products. 
The shock-front conditions of Rankine and Hugoniot and the equation of 
state are the same as for the spherical case, the differences between spher- 
ical and cylindrical symmetry appearing in the fundamental equations of 
hydrodynamics. The initial conditions resulting from adiabatic constant 
volume explosion are also unaffected by the symmetry. 

In the acoustic approximation, cylindrical waves undergo a change 
of type as they are propagated, and the variation of some property of the 
fluid, such as pressure, as r elt = r/c.) » Where F, is an arbitrary 
function, is valid only asymptotically. The corresponding variation as 
ye (t- m/e.) for an acoustic spherical wave is valid at any distance, 
A finite amplitude theory, in which the approximations are suggested by the 


acoustic case, will therefore be less simply related to the wave. In the 
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theory of Rice and Ginell, it is assumed that level values of a function 
G = ea ie: are propagated outward with a velocityc¢+u. Asymptoti- 
cally, this assumption is equivalent to the basic assumption underlying 

the treatment of the spherical wave. However, detailed calculations showed 
the assumption to be increasingly in error at decreasing distances from the 
charge, and somewhat more satisfactory results were obtained by taking 
ome ee ree olaccusabies 10, inateadior 1/2) 

In view of the fact that the shock wave from an infinite cylin- 
der of explosive is satisfactorily treated in a direct manner by the 
methods of the similarity restraint theory, an extended discussion of the 
theory of Rice and Ginell will not be given here, reference being made to 
their reports for the details of their treatment. 

We consider two cases in the application of the similarity restraint 
propagation theory to the shock wave from infinitely long cylinders of ex- 
plosives .23/ The assumption of adiabatic isometric conversion of the explo- 
sive charge to its decomposition products results in a one-dimensional 
theory in which the shock-wave parameters are functions of time and radial 
coordinate. The consideration of the shock wave produced by a stationary 
detonation wave traveling in the axial direction of the cylinder with a 
finite velocity leads to a two-dimensional theory in which the shock-wave 
properties are functions of time and radial coordinate only, since the 
axial and radial coordinates are connected by a relation Zz = Z(K) a 
The basic assumptions of the theory as applied to the cylindrical wave are 
identical with those of the previous section, the treatment differing in 


detail due to the change in symmetry. 


33/ See Reference 10, 
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The shock wave generated by a stationary detonation wave traveling 
in the axial direction of an infinite cylinder of an explosive is stationary 
in a coordinate system with origin in the detonation wave, Therefore, the 
Eulerian form of the equations of motion, Eqs, 3.1, is the preferred formu- 


lation for the development of the theory. They may be written in the form 


Du. 
aa hh =~ Vey > Dt ae ee (9.1) 


where Ww is the vector particle velocity, b the pressure in excess of the 
pressure p ; of the undisturbed fluid, eB the density, and ¢ the Euler sound 
velocity. They are to be solved subject to initial conditions specified on 
a curve in the (r ,t)-space Cy is the Euler position vector), and to the 
Rankine-Hugoniot conditions, Eqs. 2.2, which constitute supernumerary bound- 
ary conditions at the shock front that are compatible with the equations of 
hydrodynamics and the prescribed initial conditions only if the shock front 
is an implicitly prescribed curve Ret jin the F , b-space. These relations 
are supplemented by the entropy transport equation, which we shall not use 
explicitly, and by an equation of state of the fluid that permits,in combina- 
tion with the Hugoniot relations, evaluation of all of the properties of 
the shock front as functions of the peak pressure Par e The particle veloc- 
ity WU of the Hugoniot relations, Eqs. 2.2, is here taken to be the component 
of particle velocity normal to the shock front, and the shock velocity U 
is the velocity of the shock front in the direction of its normal, 

For the system with axial symmetry, we denote an operator which 


follows the shock front by 


be AT. an 
aR a (We MS Eo | ee pe ee 
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where R is the radial coordinate of the shock front, 1 yp and nv are 

unit vectors in the radial direction and in the direction of the normal 

to the shock front, respectively, and VY r is the deformation-rotation 
dyadic. The components of VI are easily found at the shock front from 
the fact that the medium experiences a pure strain of magnitude RB lp -1 
in a direction normal to the shock front as the result of the passage of 
the wave. If the operator d/d is applied to the Hugoniot relation between 
the pressure and particle velocity normal to the shock front and to the re- 
lation describing continuity of the tangential component of particle veloc- 


ity at the shock front, there result 


A 
2. (1gn = a deh (9.3) 


3 = 96 Pa) = bd bog U/d boy fe, - 


The derivation of the approximate energy relation which avoids 
the explicit integration of the equations of hydrodynamics is analogous to 
that of section 8. The adiabatic work W, per unit area of initial generating 


surface done on the fluid exterior to a generating cylinder is given by 


R 60 
21a, d Zw. hs PoE [ja n(rg) J2migdz, dr; + (R,Z) (p+p) uo dt . 
a, tir) (9h) 


where U ad ik denote particle velocity and excess pressure behind the shock 
vee, 

front, t( A) is the time of arrival of the shock front at the point with 

Lagrange cylindrical coordinates Up = R, Z = Z(R ) 5 E(p is the 


specific energy increment of the fluid at pressure bo for the entropy incre- 
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ment corresponding to peak pressure i } a, is the radial Lagrange coordi- 
nate of the generating surface, and dA is the Euler area element into 

we 


which the Lagrange area element errdz, 1,is transformed by the passage 
ba 


of the shock nie Now NR, Zz, ¢o) 
(RZ) u sot Adt= (R, Z) dr. dH , (9.5) 
tle) 4 


where fe is the Euler position vector of the area element, r(r. lS “oy t) 

is the Euler radial coordinate at time f » and where the variable of inte- 
gration is restricted by the path and the definition of aA to the radial 
coordinate, The integrand of equation 9.5 can be shown to be anexact dif- 
ferential of [¥, and t along any path of constant 2 ar Accordingly, the 


path of integration can be changed to 


% r(a,, Z,00) n(R, Z, “) 
[ete Z[] + a) + 2) 
: r(a, 7) Z, 00) 
Si Q : ne 
[4,21] ar 49 Tao ee 2h dz oats ; 
RE) 5 
since Euler and Lagrange coordinates are identical at or ahead of the shock 
ee rl 20) R 
(6£Z){ dr- dA = 1V,i ler, dzdis 
nla ,L,00) an 
With the equation of continulty, , = [Yue | i? Eq. 9.5 becomes 


ie 
(Ir, Z) gtaes Ain dA At + (2. emr,dz,4r, , (9.6) 
é(R) a, 
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Combining Eq. 9.6 with Eq. 9.4 and introducing the dissipated enthalpy 
h( Pra) = Elfin) + Po A ( Ip) one obtains 
oO 
21ra,dz,We - / Po dA wat 
ge Fle) 
AbCp tryemizdz, dt: 7 [es us dA At, 


The time ieee of the right member may be assumed to vanish for 


(9.7) 


&=00 . If one subtracts from Eq. 9.7 the expression obtained from that 


equation for R =o » there results the relation 


(7) 
ait dz, D(K) = ppu-as dt, (9.8) 
t(K) 
where oo 
DIR) = | a A (9.9) 
R 


Now, AA =2mirds IQ» where 17 is the unit normal to ols into which 


Az, 1, is transformed by the passage of the wave, and therefore, 


dA = tardz tox (1, Yr) 


La 


Eq. 9.8 becomes 


Qo 
pir) = [rp a [aged Wed] a ; (9.10) 
eR) 
The energy-time integral can be expressed in reduced form, 
DR) = Fp i ie = -KD/pt) log Flies , 
Fe wfldgrld erddrp, FLb- tye, oan 
% © 
y= ii tin Ha +. 
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FOR, dH) = F/F, 
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The function F(R - v) is the energy-time integrand, normalized by its peak 
value at the shock front, expressed as a function of R and a reduced time + 
which normalizes its initial slope to -l if it does not vanish. 

At the shock front, 154 us va =n sim 8 , where D 
is the angle between the tangent to the wavefront and the Y -axis, The 
desired energy-equation is obtained by eliminating (+ between the first two 
of Eqs. 9.11 and making use of the Hugoniot relations. As the result, one 


obtains 


(ale feen BG + del (Le eu] 


= -usen [ XP y Hon | 
D(R) RY 


where V,uc, is the Euler rate of strain dyadic, and where each term is eval- 
uated at the shock front. The shock-wave energy at F per unit area of ini- 
tial generating surface is D(K)/a, » Where Gis the Lagrange radial 
coordinate of the generating surface and DR) is given by 

dD ~ _» Rh(p_) 

a - Po MP? , (9.13) 
obtained by differentiation of the definition of the energy variable W i) ’ 
Eq. 99. 

As in the case of the spherical wave, y= | for the peak approx- 
imation to the Lagrange energy-time curve, and the assignment of this value, 
independent of the coordinates, is equivalent to imposing a similarity re- 
straint on the energy-time curve. 

In order to obtain the propagation equations for the one= 


dimensional wave, the origin of the radial coordinate r is taken to be 


oz 
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the axis of the generating cylinder. Eqs. 9.1, specialized to the shock 

front f= R » together with Eqs. 9.3 and 9.12, provide four nonhomogeneous, 
linear relations between the four nonvanishing time and distance derivatives 

of pressure and particle velocity, evaluated at the shock front, with coef- 
ficients that can be expressed as functions of distance and peak pressure 
through Eqs. 2.2 and the equation of state. The equations can be solved 

for the derivatives and an ordinary differential equation, dp,,/ dA = F (Pan oR), 
formulated with the aid of Eq. 9.12. An additional ordinary differential 


equation for the shock-wave energy is provided by Eq. 9.13. The results are 


3 3 

Ap. ae Pan W (p> )+ YF Bom va (Pm) ; (9.14) 
aR aR m 

Saat 4/Pe Vit 80 “fh Ufo) © Z y) 

Me, ) = 2(1+9) - G 

ett GC 

BU* 2lirgd- & 
Gib.) = 17 Ge UL, Son) a 


Eqs. 9.13 and 9.14 may be integrated numerically, employing tables of the 


rob) = 


functions hp) » 7 (p) ’ Np, ) » which can be constructed by numeri- 
cal methods from the exact Hugoniot curves for the fluid. Eqs. 9.13 and 
9.14 are identical with the relations obtained with the simpler considera- 


tions of the last. section.22/ 
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The asymptotic forms of Eqs. 9.13 and 9.14 are 


AD _ a Habe sky 
aR ~Ni2nt/ B 4 
dp, of ln (ee) Rp” : (9.15) 
dR 2R 12°77 Dre 
with the integrals 

= ~-Y2, 

Rp, = RLYR- te] 
(9.16) 


D =[(n+ wort?) RMR p, : 


where F and ng are constants. 

To obtain the propagation equations for the two-dimensional 
wave, we let r and Z be the cylindrical coordinates rela- 
tive to an origin in the detonation front with the Z -axis coincident 
with the axis of the cylinder. The velocity of the detonation wave rela- 
tive to a stationary origin in the negative 2Z -direction is U, e The 
profile of the shock wave is a surface of revolution cor Zl R y) with 


the differential equation 


a = tan® . (9.17) 


Since the distance traveled by the shock front in time d¢ in the direction 
of its normal is U At and in the same time, the origin of the coordinate 


system travels a distance U, At in the negative Z -direction, 


Cos B= U/Up : 


(9.18) 
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Taylorst/ has shown that the Chapman-Jouguet2o/ conditions can 
be satisfied at the front of a stationary detonation wave by solutions of 
the equations of hydrodynamics. which depend only on Si / t - For solutions 


of the Taylor type, 


FD DY sed bs eee a oa (9.29) 


The solutions of Eqs. 9.1 and 9.19 for the exterior medium are compatible 
with the conditions on the boundary between explosion products and the ex= 
terior medium if solutions of the Taylor type are valid in the explosion 
products behind the detonation wave. 


At any finite distance from an infinite cylinder of explosive, 
r /t=0 » and 
DADE. = MeV. (9.20) 


Eq. 9.20 can be employed to provide three relations between the derivatives 
with respect to time and the distance coordinates of the pressure and the 
components of the particle velocity. These relations and Eqs. 9.1, spec- 
ialized to the shock front, together with Eqs. 9.3 and 9.12, provide nine 
nonhomogeneous linear equations between nine partial derivatives with coef- 
ficients that are functions of R U, » and Jae The equations can be solved 
for the derivatives and an ordimry differential equation, a bf d R : r( pp, I? ) 


formulated with the aid of Eq. 9.2. The result is 
3 


dp,,, b, YR, 
aia = Pip Uy | N(p) + Dir) m (Pus) ) (9.21) 


34] G. I. Taylor, Btitish Report RC-178 (1941) 

35/ H. L. Chapman, Phil. Mag. (5) 47, 90 (1889). 
E. Jouguet, Comptes rendus, 132, 573 (1901). 
See also S. R. Brinkley, Jr., and J. G, Kirkwood, Proc. Third Symposium 
on Combustion, Flame, and Explosion Phenomena, Williams and Wilkins Co. 
Baltimore (1949), p. 586. 9 
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where 2 ~| 


fe 2Cie gst G U 
ae ss s 2_,)2 d 
(p,, Ud i £(1-9) G V> U (9.22) 
and where D(R) is given by Eq. 9.13 and ng), Mp)nave been given for the 
one~dimensional case. When b, (Rk ) is known, the profile z (if ) of the 


shock front can be obtained by an auxiliary integration 
evy2 Ne 


a» > 
We note that Lim (U,» oa) @ =1, and Bq. 9.21 is identical with Eq. 9.1, 


Z(R) = dr, (9.23) 


in this limit. Also, Lim (pv) d = 1, and the asymptotic solutions of 
Eqs. 9.14 and 9.21 have the same form. 

The two constants of integration can be determined from the thermo- 
dynamic properties of the explosive and those of its products in the Chapman- 
Jouguet detonation state or in the instantaneous detonation state. The con- 
stants of integration may be conveniently selected as k, and €, » the 
initial values of the peak pressure and the total shock-wave energy deliv— 
ered by the explosion products from unit mass of explosive. 

The initial excess pressure P, and particle velocity u, » con= 


tinuous at the boundary, are determined by the relations, 
V2 

A Os Le 
op.) = uo | Uy | ain -~ 2b f/+--=,], 


C, Q D 


p/p Ur, U= Ufa), (9.2h) 
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where O° isthe Riemann finction in the gas sphere and Ut) is the 
shock velocity in the exterior medium, determined as a function of pres- 
sure by the Hugoniot conditions. The asterisked quantities refer to the 
explosion products and the unasterisked to the exterior medium. The sub- 
script D refers to the Chapman—Jouguet detonation state. The first of 
Eqs. 9.24 expresses the fact that the eenannaye 2 computed normal to the 
generating surface, initially vanishes in the receding rarefaction wave. 
In the limit of infinite detonation velocity, the first of 


Eqs. 9.24 reduces to 


Baie epee, (9.25) 


which is in agreement with the expression of section 2 for the determination 
of the initial pressure from the instantaneous constant volume explosion 
state, 

In the development of the propagation equations, the rate of 
energy delivery has been approximated by an exponential function of time. 
As in section 8, we may assume that the integral of this exponential func- 
tion is equal to about one-half the total energy of explosion. The disad- 
vantages of this procedure are minimized by the circumstance that except 
in the immediate vicinity of the charge, the shock-wave parameters are not 
very sensitive to the initial energy. Accordingly, the initial value of 


the energy variable D is taken to be 


a 
D, = 3 [7x ei ) 


(9.26) 
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where &, the fraction of the total explosion energy delivered to the 
first shock, can be estimated from measurements of the maximum bubble 
radius from spherical charges, or in the absence of such information, 
roughly approximated by the value 1/2, A more refined analysis for the 
determination of the initial shock-wave energy, similar to that for the 


spherical shock wave, has not been carried out for the cylindrical case, 


10. Comparison with the Experiment 


We conclude the discussion of the theory of the propagation of 
underwater shock waves by comparing with experimental values the results 
of the calculation of shock-wave parameters by the two theoretical proce-- 
dures which have been outlined for two typical explosives. The kinetic 
enthalpy propagation theory and the similarity restraint propagation theory 
are based on entirely different theoretical assumptions, and it is therefore 
of interest to compare the predictions of the two theories and also to com- 
pare the theoretical predictions with experiment. A discussion of the tech- 
niques for the experimental determination of shock-wave parameters will be 
found elsewhere in this work, 20/ 

The use of the peak approximation to the kinetic enthalpy on the 
gas surface ir the kinetic enthalpy propagation theory and the assumption 
of an exponential Lagrange energy-time curve in the similarity restraint 
propagation theory results for each theory in the prediction of an exponen- 
tial form of the Euler pressure-time curve. The exponential pressure-time 


36/ See also R. H. Cole, Underwater Explosions, Princeton University 


Press, Princeton, New Jersey (1948). 
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curve is a good approximation to the initial portions of the experimentally 
obtained pressure-time curves of underwater shock waves from explosive 
sources. It is not, however, a good representation of the latter portions 
of the experimental curve. In the later portions of the curve, the decay 
is much slower than that predicted for an eeioneatiel wave, the tail of 

the wave being the result of essentially incompressive motion exterior to 
the gas surface. The excess pressure associated with this motion becomes 
zero only at that time at which the gas pressure becomes equal to the hydro- 
static pressure. This time is of the order of one-tenth of the period of 
pulsation of the gas bubble and is many times the time constant of the ini- 
tial high-pressure portion of the wave. However, the peak approximation to 
the pressure.time curve provides a good representation of that portion of 
the wave for which the pressure is appreciable. In Figure 10.1, the exper- 
imental vressure-time curve obtained at 20 feet from a 300-lb. charge of 
tyT37/ is compared with the exponential pressure-time curves predicted 

by theory. It is evident that the exponential approximation is a good rep- 
resentation of the initial part of the curve. 

Although the comparison of theoretical and experimental values of 
shock-wave peak pressure is unambiguous, a difficulty arises in the compari- 
son of parameters which result from the integration of the pressure-time 
curve, The experimental form of the shock wave is such that the impulse, I, 
the integral under the pressure-time curve, does not converge rapidly to a 
limiting value with increasing values of the time. It is not therefore 


practical to define an upper limit of the time for which the impulse is 


37/ RewHeColemlocwmcite, ipsiasie. 
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FIGURE 10.1 - Pressure-time curves for TINT (density 1.52) 
at R/w/> = 3 et./ip.l/5, 


490 

obtained. For this reason the experimental impulse of a shock wave is 
customarily obtained by an integration over only the initial high-pres- 
sure region of the pressure-time curve to an arbitrarily assigned upper 
limit.of time. It has been found that the figures obtained in this way 
for the impulse are entirely satisfactory for the comparison of the effec-— 
tiveness of different explosives if the integration is carried to a time 
equal to five times the initial time constant of the wave. Although the 
experimental determination of the mergy density is less ambiguous, a 
similar situation, described in detail by Cole, exists in this case also. 
Since the theoretical values of the impulse and energy density are obtained 
by integrating to infinite time an exponential pressure-time curve, the 
comparison of theoretically predicted values of the impulse and energy 
with the experimental values is somewhat arbitrary, and agreement as to 
absolute magnitude is to a certain extent fortuitous. 

In Table 10.1, we list the result of the calculation of the peak 
pressure, impulse, and energy by the kinetic enthalpy propagation theory 
and by the similarity restraint propagation theory for underwater shock 
waves generated by spherical charges of TNT of density 1.52 gm. /em.? and 
Tetryl of density 0.92 gm. /cm.. The theoretical predictions of the 
kinetic enthalpy propagatian theory have been obtained by interpolation 
of the values listed in a report by Kirkwood, Brinkley, and Richardson,20/ 
The initial conditions for the calculation of the shock-wave parameters by 
the similarity restraint propagation theory were obtained from Eqs. 24, 
2.6, and 8.38, employing the tables of the thermodynamic properties of the 


explosion products given by Kirkwood, Brinkley, and Richardson.26/ The 
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TABLE 10,1 - Calculated and observed underwater shock-wave 
parameters for spherical TNT and Tetryl charges 
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R/W : TNT (Density 1.52) Tetryl (Density 0.92) 


(eee ae ncn bail) (i) a Wan(2) 
Peak Pressure Pp, (104 1b. /in.”) 

il 2.99 2.62 2055 2256 

2 1.16 1,04 0.987 1.06 alealal 
3 0691 629 624 o Sh 679 
5 367 0334 0351 348 0372 
10 -162 o1hs -160 0156 2169 
is} 2120 2109 e119 ALLE: 0126 

Reduced Impulse 1/wi/3 (1b. nec fin. 2/ibe) 

iE 1.41 1.35 1.47 2.00 

2 A) 0786 0.788 0.843 1.19 
$ - 606 0556 0 d49 2603 2862 
5 385 360 0349 376 055k 
10 2204 2192 188 0193 0299 
13 e161 pall e149 ay Al 2232 

Reduced Energy E/wi/3 (10? in, lb. /in.2/1b.1/3) 

a 3075 3093 Brey) 6.36 

2 0865 0856 = 0, 582 0795. 1.46 
3 «372 0357 025k, 0345 62k 
5 2126 120 20889 -116 e211 
10 0294 20277 0215 20268 0499 
13 20172 20160 20126 2O1L74 .0286 


(3) 


(1) Calculated with the kinetic enthalpy propagation theory. 


(2) Calculated with the similarity restraint propagation theory. 


(3) Experimental, calculated by equations 10.1. 
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calculations by the two different theories are thus based upon the same 
determination of the thermodynamic properties of the explosion products, 
The theoretical predictions by the similarity restraint propagation theory 
were obtained by the use of the tabulated integrals of the propagation 
equation, Eqe B.2h.22/ The theoretical results have been expressed in the 
English system of units that is commonly employed to record experimental 
results, The shock-wave energy E is the energy flux at distance R 
through unit area. In accordance with principles of similitude, the dis- 
tance R, impulse I, and energy E, are reduced by the cube root of the 
charge weight. The experimental results for spherical TNT charges and 
cylindrical loose Tetryl charges were obtained at the Underwater Explosives 
Research Laboratory, Woods Hole, Mass., and are cited by Cole .38/ The 
experimental results were fitted to empirical expressions of the form 

P, =k (wh/3 7a) % A 

1/3 = 1 (wh/3fayP (10,1) 

B/wi/3 = m (w/3/p)¥ , 


where k, 1, m, OC, - » and &, are empirical constants and where the dis- 


tance and time scales have been reduced, in accordance with principles of 

similitude, by the cube root of the charge weight, W. These relations have 

been used for the calculation of the experimental values given in Table 10.1. 
The data of Table 10.1 are also shown in Figures 10.2 to 10.4. 


In each of the figures, the function plotted as the ordinate has been 


R. B. Cole, loc. cit., p. 241. 


101 


493 


TNT (density 1.52) 
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FIGURE 10.2 - Theoretical and experimental peak pressure- 


distance curves. 
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selected to display the nonacoustical nature of the decay of the function 
with distance, The predictions of the similarity restraint theory for the 
case of Tetryl reflect the fact that the calculated initial value of the 
shock-wave energy is somewhat in excess of the mos probable value, determined 
from the maximum bubble radius. 

It may be concluded that the two different theories are in satis- 
factory agreement and that they give, on the whole, a good account of the 
experimental observations. The theoretical curves are very sensitive to 
the initial conditions, determined by the thermodynamic properties of the 
products of explosion. Although the calculation of the initial conditions 
is straightforward, it requires a knowledge of an applicable equation of 
state for the explosion products, These products exist at a high tempera- 
ture and very high pressure, a state that is inaccessible to direct experi- 
mental study, and the equation of state is mbject to considerable uncertainty. 
The calculations given in this section have been based upon thermodynamic 
properties of explosion products determined with the aid of anequation of 
state of a form proposed by Kistiakowsky and Wilson.4/ The parameters of 
this equation were determined from observed velocities of detonation for a 
series of explosives by methods which have been described Sieeunenee’/ 
Unfortunately, more recent experiment has resulted in a revision of the 
experimental detonation velocities which were employed for the evaluation of 
the equation of state parameters, and the equation of state is presently in 
need of revision. It appears probable that consistently satisfactory theo=- 
retical prediction of underwater shock-wave parameters could be achieved if 


an accurate equation of state for the explosion products were known. 


39/ S. R. Brinkley, Jr,, and E. B. Wilson, Jr. OSRD Report No. 905 (1942) 
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NATURE OF THE PRESSURE IMPULSE PRODUCED BY THE DETONATION OF 
EXPLOSIVES UNDER WATER. AN INVESTIGATION BY THE PIEZO- 
ELECTRIC CATHODE-RAY OSCILLOGRAPH METHOD 


A, B. Wood 


November 1924 
* * * * *" * * * * * * 


Introduction 
Part A. Methods and Apparatus. 
Part 3. Experimental Results. 


Summary. 


OBJECTS OF THE EXPERIMENTS 


The experiments described in the report which follows are part of a series of practical and 
theoretical investigations. when complete these investigations will give data for determining the 
damage which will be done to a ship's structure by an underwater explosion without the necessity of 
carrying out large scale trials. 


A first step in determining the deformation which a structure will undergo, when subjected to 
to the effects of an explosion, is to: ascertain the magnitude of the forces due to the explosion, and 
in what manner these forces vary in the short interval of time during which they act. 


it is apparent, after slight consideration, that there are numerous factors which may affect the 
pressures generated at a point in the water, and their manner of variation, and which will therefore have 


to be taken into account in any attempt to predict the effects of an explosion under water, 


The chief factors are:- 


(a) The weight and nature of the charge. 
(b) The distance of the charge from the gauge (or point at which the measurements are made). 
(c) The distances of the charge and the gauge from the surface and bottom of the sea, 


and from bodies or surfaces which might modify the effect of the explosion. 


(d) The nature of the charge container (mine-case, tcrpedo warhead, etc.), the shape 
of the charge and the position of the point or paints of initiaticn. 


A sequence of different water—pressures due to an underwater explosion is completely described 
if we are able to state how long the abnormal pressures have endured and what was the excess of pressure 
over the normal at each instant during the time of operation of the effects of the explosion. it is 
therefore the object of this report to exhibit some of the relations between the shape of the curve 
showing water—pressures plotted against time, and the factors (a), (b), (c) and (d) above. 


There is one further point which should be mentioned. ultimately it is the effects of large 
explosions about which we desire information. The greater number of the experiments described in this 
report were made with small charges in the hope of discovering laws by which the effects of large 
explosions could be calculated. Larger charges were fired to check the laws derived from an examination 
of the results of experiments with small charges. The case of contact charges is outside the scope of 
this report. 


Results wee. 
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RESULTS OF THE EXPERIMENTS. 


The object of the experiments, it has been stated above, was to express, if possible, the under- 
water pressure-time curve to an explosion in terms of certain distances, weights, etc., which could 
easily be measured or assumed. Many pressure-time curves have now been completely determined by the 
methods described in the report, but, from the point of view of expressing the damaging capacity of an 
explosion, it has been found easier to speak of the numerical values of the maximum pressure, momentum 
and energy of the pressure-train, and of the times taken for the pressure to rise to its maximum and to 
die away, rather than of the somewhat cumbersome mathematical formulae which can be used to express the 
shape of the pressure-time curve. The five quantities, maximum pressure, momentum, energy and times of 
rise and fall of pressure, have some clear relations with damaging power, while the equation of the pressure- 
time curve has no obvious interpretation in terms of damage, nor has it yet been found possible to refer 
any given amount of damage definitely to the numerical factors which determine mathematically the shape 
cf the pressure time curve. 


Shape of the pressure Time Curve, 


In general, the pressure-time curves due to under-water explosions show a rapid rise of pressure 
to a maximum value, followed by a fall lasting about twenty times as long. These times are Clearly 
related to the rate of growth and collapse of the bubble of hot gases produced in the water by the explosion, 
and the results of experiments are in good agreement with a theoretical investigation which has been made 
into the movements of the surface of the bubble. The time taken for the pressure to rise to its maximum, 
and the maximum pressure reached, may be modified by the presence of air in the case containing the charge, 
the mechanical properties of the case, and the method of initiating the explosion. The average time of 
rise of pressure for al) charges of the high explosives tested of weights between 24 and 1000 lbs. is about 
five hundred—thousandths of a second, and the average time of fall is about one thousandth of a second. 


Measurements of the time taken for the pressure to fall to a definite fraction of its maximum 
value indicate that this time is approximately proportional to the linear dimensions of the charge, i.e. 
to w4, The shape of the curve is often seriously irregular and the departures from smoothness have been 
traced to irregularities in the charge and its case, and to bodies in the neighbourhood which may reflect 
or absorb the pressures in the water. 


The relations between maximum pressure, momentum and energy, and weight of explosive 


and distance 


The mean of a large series of observations made with charges whose weights varied between 24 Ibs. 
and 2000 1bs. may be expressed as follows - 


(1) Maximum w° 38 : 
pressure = 12000 D lbs. per sq. in. 


+65 

1.90 x lbs. secs. per sq. in. 
(3) Total Energy = 3.5 x 10 

of the 

spherical 

wave due to 

an explosion 

under water 


(2) | Momentum 


5 wy ft. Ibs. 


or Energy per 


sq. ft. of wave 

front ata 4 oW 
dletancelo =) 22799 x00 32 ft. Ibs. 
from origin 


where WwW = weight of charge in lbs. 


D0 = distance, in feet between the centre of charge and the point at which the pressures 
are measured. 
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These formulae apply to T.N.T. Amatol, or Guncotton in the region where the maximum pressure does 
not exceed two tons per square inch, provided the charge and gauge are both more than 10 feet from the 
surface or bottom of the water and are sufficiently removed from other bodies or alr spaces. Relation 
(3) above shows that about one quarter of the chemical energy of a charge of these explosives is converted 
into mechanical energy in the form of a pressure pulse in water. The values of (1), (2) and (3) above 
are little affected by the methods of filling the charge or, except in extreme cases, by the method of 
initiation or, except as stated above, by the depth of the charge. 


Reflexion of the pressure train by the surface and bottom of the sea or by the hul} 


of a ship 


Records have been obtained or reflected pressure-trains in water. Observations of surface 
reflexions indicate that sea water can probably support a momentary tension not greater than 200 Ibs. per 
square inch. Tensions of 100 bs. per square inch and 170 Ibs. per square inch have been observed for 
water in bulk and at a water-steel surface respectively. Records of bottom reflexions show that the 
ratio of the maximum pressures of the reflected and primary pressure waves is about 1:2 for a bottom 
composed of mud and sand. As a result of this phenomenon, the maximum’ pressure developed near a mine 
Vaid on the bottom of the sea will be greater than that developed by a similar mine moored in mid-water by 
about 50%. A record was obtained during the "Gargon" trials which showed a sudden drop in the pressure 
at the gauge, due to the arrival of the reflected pressure-train from the hull, 


Additional observations. 


The experimental methods used in obtaining the above data were used to determine the velocity 
with which the disturbance due to an explosion is propagated in sea water. No certain difference between 
the velocity of these high pressure waves and that of ordinary sound waves was detected. Preliminary 
experiments were also made with a method for determining experimentally the rate of growth of the” bubble 
of hot gases produced by an underwater explosion 


BEARING OF THIS WORK ON FUTURE EXPERIMENTS. 


The experimental methods elaborated for the work described in this report will be used, with 
others, in the series of model experiments which is to be carried out on the damaging capacityof pressure— 
waves due to explosions. The work which has been done has given us reasonably reliable means of predicting 
the form of the pressure-time curve under different conditions, and of calculating its more important 
Characteristics. The next step is to link this information with "damage done" to different types of 
structure. One difficulty in working out estimates of damage is to arrive at a satisfactory numerical 
assessment of damage done, but already the theoretical investigation of this question has given encouraging 
results, and the model experiments, with possibly one cr more large trials, shculd give information which, 
when taken into conjunction with our knowledge of the characteristics of pressure-time curves, will be of 
great value in determining what explosions can safely be withstood by the hul} of a vessel. 


Introduction and object of investigation. 


For a considerable number of years efforts have been made by numerous physicists and engineers to 
obtain information, on the form, magnitude and destructive effect of the pressure wave produced by an 
underwater explosion but the results achieved are often very conflicting and throw litt¥e or no Vight on 
the problem, 0n the other hand certain experiments, notably by H. WwW, Hildiar, and Or. G. W. Walker have 
cleared up many obscure points and have placed the whole problem on a more scientific basis, Hilliar's 
work, using the ‘Copper crusher-gauge’ method, has yielded data not only regarding the maximum pressure 
developed in the explosive wave but also as t» the form of the pressure-time relation.. Walker's ‘spray 
method' has given a means of determining maximum pressure, but throws no light on the question of the 
variation of pressure within the pulse. The ‘copper diaphragm method', originally proposed by walker Is 
a promising form of ‘damage indicator’, but the interpretation of results is difficult at this stage. 
None of the above methods, however, gives a direct indication or record of the pressure-time relation 
in the explosive pulse. Hiltiarts method gives indirectly an indication of the rate of fall of pressure 
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from its maximum value but it supplies no information regarding the rise of pressure or regarding small 
fluctuations of pressure in the ‘fall’ curve, Again, all the above methods are based on certain 
assumptions relative to inertia in the mechanical system which indicates the pressure. Thus in Hilliar's 
methcd, assumptions are made regarding the inertia lags in the steel pistuns (with added water) and in the 
coppers. {In Walker’s ‘spray method’, assumptions are made relative to the size of the spray ‘droplets’ 
and to the forces retarding their motion through the air. In the ‘copper diaphragm' method also, thecry 
is faced with difficulties mainly concerned with the motion of a metal plate strained beyond its elastic 
limit. 1t is not proposed at this stage, however, to discuss these methods beyond the point of showing 
how necessary it is to utilize a more perfect means of indicating the form and magnitude of the explosion 
pulse. Such a method must be free from all mechanical time-lags and must give a ‘true’ record of the 
actual time-pressure variation within the explosive pulse. The nearest approach to such an ideal method 
is that originally proposed by Sir J. J. Thomson® which utilizes the piezo-electric properties of certain 
crystalline substances, e.g. tourmaline, with a cathode ray oscillograph to record the variations of 
electric charge developed on the tourmaline when subjected to the pressure pulse produced by the explosion 
of acharge. The feasibility of the method was first demonstrated by 0. a. Keys # at Admiraty Experimental 
Station, Shandon, Since that time, the method and apparatus employed have been considerably improved and 
during the past two years a large mass of data has been obtained with the improved apparatus and technique. 
It is the object of this report to describe the method and apparatus employed during the past two years for 
obtaining automatic photographic records of the pressure-time curve of explosion impulses, and to consider 
the more important results obtained. it is also a matter of interest, and considerable practical value, 
to compare these results with those deduced by the Hilliar ‘crusher gauge’ method, and to provide a standard 
of comparison for any other methods (such as the ‘copper diaphragm’ method) which might prove of practical 
value in the service as 'damage' indicators. 


The records obtained not only indicate the pressure-time sequence of the pulse, with the derived 
momentum-time and energy-time sequences, but also supply information relating to the reflection of the wave 
from the surface and bottom of the sea and also from the hull of a ship. Relations are obtained between 
the pressure, momentum and energy of the wave, and the size and distance of the charge from the piezo= 
electric gauge. Determinations have also been made of the velocity of the explosion wave in the neighbour— 
hood of the charge, and a method has been developed for recording at high speed the initial stages of the 
explosion wave jn order to obtain accurate data relating to the time of rise of pressure and the fine 
structure of the pressure pulse. 


Part A. Method and Apparatus. 


In this section it is proposed to deal with the more important details of technique and apparatus 
employed in obtaining photographic records of the explosion p/t curve, and to the methods of calibrating 
the piezo-electric gauge and the cathode-ray oscillograph. Consideration will also be given to certain 
precautions which must be observed in order to obtain ‘true’ records. 


General Outline of Method. 


Certain crystals e.g. tourmaline, quartz, rochelle salt etc, possess the property of exhibiting 
electrical charges on their faces when mechanical pressure is applied in certain directions #, The quantity 
of electricity liberated is found to be exactly proportional to the total pressure applied *, Hence a 
crystal of tourmaline may serve as a pressure gauge when used in conjunction with a suitable indicator of 
the electrostatic charge on its faces. if the pressure is of an impulsive character, as in the case of that 
developed by an under—water explosion, then it is essential that the indicator or recorder must be quick— 
acting and deadbeat. The cathode-ray oscillograph fulfils the required conditions, for the moving element 


(the! (elects 


Sir J. J. Thomson Engineering Vol. 107, 1919, pp. 543-54y, 


s 


D. A. Keys, Phit. Mag. 42, pp. 473-488, October (1921) 
4 This phenomenon was termed ‘piezo-electricity’ by Curie who discovered the effect in 1880. 


* This is true up to the point of fracture of the crystal. 
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(the cathode-ray stream) possesses negligible inertia, and is capable of responding instantaneously to 
electrostatic changes. The oscillograph is quite free from resonance, being equally sensitive at al) 
frequencies,and will therefore indicate faithfully the fluctuations of electric charge produced by an 
impulsive pressure on the faces of the piezo-electric crystals. The cathode-ray oscillograph consists 
essentially of an evacuated tube in which a beam of cathode rays (high speed negatively charged electrons). 
is generated by means of a hot filament and suitable accelerating potentia}. a fine pencil of these rays 
passes between a pair of electrostatic deflecting plates and the poles of an electro-magnet, and ultimately 
falls on a phosphorescent observing screen or a photographic plate. The electrostatic deflecting plates 
are connected to the faces of the piezo-electric crystal and consequently the cathode stream is deflected 

in proportion to the magnitude of the charge on the crystal faces i.e. to the pressure applied. The 
electro-magnet is employed to deflect the rays at a known rate and in a direction at right angles to the 
electrostatic deflection, i.e. to generate a ‘time-axis’ for the pressure-time* record. The linear 
deflection of the cathode-rays is obtained by making use of the rise of current in the magnet circuit 
containing suitable inductance, resistance and voltage. Jn the early stages the rise of current is 
practically limear and the corresponding deflection of the cathode-rays is, to the required degree of 
accuracy, also a linear function of time. The timing arrangements, to bring the pressure-time (p/t) record 
to the middle of the plate, are rendered automatic by means of a pressure-switch in the sea situated between 
the charge and the p.e. gauges and connected in series with the above magnet circuit. 


The distances of the switch from the gauge and the speed of traverse of the spot are adjusted 
according to the circumstances of the record to be obtained. When the charge is fired the pressure wave 
first closes the pressure switch, thereby starting the cathode-rays on their traverse across the plate, 
and then reaches the p.e. gauge which develops an electric charge and consequently deflects the cathode- 
rays in a direction at right angles to the time axis. 


In this manner, knowing the pressure-sensitiveness of the p,e. gauge and the rate of traverse of 
the time axis, we obtain a p/t record on the photographic plate. It is of course necessary to calibrate 
the crystal vessel at known pressures and to determine the sensitivity and speed of the 'spot' of the 
Cathode-ray oscillograph under different conditions. 


With this information the explosion records obtained by the method just outlined give at once the 
pressure—time curve for the explosion pulse. 


Apparatus. 


The cathode ray oscillograph used throughout the investigation is of a particularly robust type 
suitable for use on board a rolling ship with engines throbbing = it has now been in continuous use ina 
ship for 2 years, and of Several occasions under very severe weather conditions, without breakdown. The 
piezo-electric gauge and the pressure switch have also been specially designed to withstand the forces near 
underwater explosions of large charges. 


(a) The Cathode Ray Oscillograph. 


The cathode ray oscillograph used in these experiments is illustrated in the Figure. The cathode 
consists of a spiral of tungsten or lime-coated platinum wire, which is heated by means of an insulated 
battery. The hot spiral is supported inside a cylindrical sheath which exerts a focussing action on the 
cathode rays as they travel towards the anode, The rays are accelerated by means of an applied voltage 
of 3000, the positive end being connected tc the anode and earthed. after passing through the pinhcle 
tube in the anode the cathode rays travel through parallel electrostatic and magnetic fields and ultimately 
fall on the phosphorescent screen. Removal of this screen exposes a photographic plate to the action of 
the rays. 


The cesses 


is We shall use p/t as an abbreviation for pressure-time* and p.e. for 'piezo-electric’. 
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The oscillograph is described in Proc. Phys. Sec. Vol. 35. February 15, 1923. {t will be seen 
from the illustrations that the instrument is of very rohust construction, ccnsisting mainly of strong 
metal parts and a minimum amount of glass. The oscillograph is evacuated to a pressure less than 0.001 mm 
of mercury by means of a Gaode mercury pump with suitable backing pump (a Fleuss hand pump or a rotary oi) 
*box' pump). Under normal conditions the desired vacuum can be obtained after about 10 to 20 minutes 
continuous pumping, commencing at atmospheric pressure. The high tension 0,C, supply is obtained from a 
5000 volt generator. An automatic cut-out is provided which prevents the space current in the tube from 
rising above 20 milliamps, and incidentally protects the operator. The vacuum conditions in the apparatus 
are examined qualitatively by means of an auxiliary test bulb and spark coil. 


A question of considerable importance in using the oscillograph for photographic purposes is that of 
the most suitable photographic plate. Since cathode rays of velocity corresponding to 3000 volts can only 
penetrate extremely thin Tilms of matter, e.g. 10% mm. of gelatine, it is important that the energy of the 
ray should be expended in the most efficient manner. Consequently a special type of photographic plate, 
known as the Schumann plate", tas been employed in preference to the ordinary gelatine-coated plate. 
Analysis of the film to determine the ratio of Ag Br to gelatine in an ordinary plate and a Schumann plate 
has shown that the Schumann plate has about 100 times the proportion of ag Br to gelatine that is found in 
the ordinary plate. On these grounds it would be anticipated that the cathode rays would produce much 
greater photographic effect in a Schumann plate than in the ordinary gelatine-coated plate, and this is 
strikingly borne out in practice. The Schuinann plate gives excellent photographic results even when the 
cathode rays are deflected at the highest speeds. For comparatively slow records, however, Paget Half 
Tone plates have been found to give fairly satisfactury results. 


The electro-magnet shown in the Figure is used to deflect the rays at a known rate across the plate 
i.e. to generate the time axis of the p/t record. For certain reasons it is not convenient, and in some 
cases it is impossible, to generate a time axis by mechanical movement (translation or rotation) of the 
photographic plate in a direction at right angles to the pressure axis of the record. The same result is 
obtained much more simply by passing a current which varies in a known manner through the electro-magnet. 
Thus if a.c, is applied to the magnet winding the cathode ray spot oscillates sinusoidally on the plate. 
|t is, however, preferable that the time scale should be linear, since the photographic record is then the 
true p/t record and no further analysis is necessary. To generate a linear time axis the magnet is wound 
with an auxiliary coil which carries a steady current sufficient to deflect the spot from a position in the 
middle of the plate to a point just off the left-hand edge. 1f now a more powerful current is switched on 
the primary winding, and in opposition to that in the auxiliary winding, the spot will be swept across the 
plate from left to right. The speed of traverse depends of course on the magnitudes of inductance, 
resistance and voltage in the circuit of the primary winding. Sy reducing inductance and increasing 
voltage the speed can be increased as desired. In the early stages the growth of current is very nearly 
linear, and the deflection of the cathode rays will thus be a linear function of time. 


On certain occasions two cathode ray oscillographs were employed simultaneously. 


(b) The Piezo-Electric Gauge. 


In selecting a suitable piezo-electric crystal for use in measuring explosion pressures it is 
necessary to bear in mind the experimental conditions. Tourmaline, quartz and rochelle salt all give 
strong piezo-electric effects but on general grounds tourmaline was considered to be the most suitable crystal 
to use for the investigation of explosion pressures. Its piezo electric sensitivity is greater for 
hydrostatic pressures than for lateral pressures 4, it is strong mechanically and is not attacked by sea water. 
For use in explosion gauges the crystals are cut into slabs, usually 1 cm. thick x. The piezo-electric 
gauge, as used in the explosion research, consists essentially of a mosaic of such slabs of tourmaline 


(Varying eevee 
Originally invented by Schumann for photography of the ultra-violet spectrum. 


¢ The crystalline structure of tourmaline differs from that of quartz. 
x The charge produced by a given pressure is independent of the thickness of the crystal slice - 


the choice of thickness therefore is decided by other conditions to be fulfilled in the design 
e.g. the greater the thickness the smaller the capacity etc. 
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(varying in shape and size) suitably mounted - care being taken to observe that al} the pieces have their 
polarity in the same direction. The design of the gauge itse?f is a matter of considerable importance, 
as we Shal? see later, both the material and the dimensions of the mounting having an important bearing on 
the results obtained. Experiments have been made with a number of different types of gauge, but in al? 
cases the following important considerations have been kept in mind in the design:= 


(Note:= In the original paper follows a detailed discussion of the following points:— 
(i) Insulation 
(ii) absence of air cavities 
(iii) Material of the mounting 
(iv) Dimensions of gauge) 
(c) The Pressure Switch. 


AS we have already stated in the general outline of the p.e. method, the function of the pressure 
switch is to close the magnet deflecting circuit in the oscillograph, thereby starting the cathode rays in 
their traverse across the plate. It is essential that the switch should close quickly (in a time of the 
order of 10" second) should not re-open, and should be sufficiently robust to withstand the blow of the 
explosion wave at a short distance from the charge, The type of pressure-switch finally adopted is shown 
in Figure 6a. It consists essentially of a pair of stainless stee} coned points, electrically connected 
by means of a twin-core cable to the ship, mounted in a massive brass cylinder as shcwn. A lead disc 2s 
inches thick is clamped by a screwed cap in the end of the cybinder and just clear of the tips of the 
stainless steel points. The body of the gauge behind the points is filled with ebonite and insulating 
Compound, the whole being water-tight and free from air cavities. The lead disc is sufficiently stiff to 
prevent making contact across the points by average hydrostatic pressure (say up to 40 feet depth of water), 
but is easily forced into contact by the explosion pressure which often reaches 2000 1bs/sq. inch or more. 
These large pressures shearthe lead disc at the clamping edge and impale it on the steel points, thus 
closinu the magnet deflecting circuit of the oscillograph. The pressure—switch can be used again for the 
next explosion, after cleaning and fitting with a new lead disc. In the majority of cases the pressure— 
switch was arranged at a distance of 8 to 10 feet from the gauge on the side nearer the charge. Taking 
the velocity of the explosion wave as 5000 feet per second this gives a time interval between 1 and 2 
thousands of a second before the pressure pulSe reachee the p.e. gauge. Combined with a knowledge of the 
rate of traverse of the spot across the plate this provides the necessary information to tocalise the p/t 
record in a suitable position on the photographic plate. tn special cases, of course, it was often 
necessary to vary the distance of the pressure switch from the gauge, time intervals being reckoned as 
before, i.e. 5 feet per .001 second (allowing 2 or 3 x 10” second for the lag in closing the pressure 
switch)s On account of an element of uncertainty in the electrical resistance of the pressure switch, 
which would throw doubt on the actual rate of traverse of the spot across the plate it was considered 
advisable to insert a quick-acting relay® in the circuit, the "local' contacts of the relay to act in 
parallel with the pressure switch. The operation of the pressure switch in this case not only starts 
the cathode ray moving across the plate but also actuates the relay, the local of which closes (and remains 
closed) at least .001 second before the pressure wave reaches the p.e. gauge. In this manner the time 
constant of the deflecting circuit during the p/t record is rendered perfectly definite and any complications 
due to a possible re-opening of the pressure-switch are obviated. 


(Note:- In the original paper follows 
(d) Description of the electrical circuits and auxiliary apparatus, including 


WP ppace- 


bs A converted Brown reed telephone with a tag, under the conditions of working, of not 
more than ,0005 second, 
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(1) Cathode ray circuit 

(2) Pressure switch circuit 

(3)  Piezo-electric gauge and testing circuits 
(4) Calibration circuits:- 


(i) Pressure calibration circuits ~ a.c,, Rotating potentiometer, 
and inductive time base methods. 


(ii) Time calibration circuits. 


(e) An estimation is made of the mechanical and electrical lags in the piezo-electric gauge 


and its associated circuits. 


(f) Explosive Charges. 


Much of the preliminary work of the investigation (testing gauges, pressure switches, electrical 
circuits etc. etc.) was carried out by means of small gun cotton Charges either 24 1b. primer tins of Dry 
G.C. or 164 1D. tins of wet G.c. primed with 24 1b. tins of dry G.c. when larger charges were required 
for test purposes 300 1b. amatol depth charges were used, In the main part of the investigation a special 
series of T.N.T, charges was employed, these charges being filled, to Vernon 'mM' instructions, at Woolwich. 
These special T.N.T. charges were ‘poured’ fillings from the same 'melting' of T.N.T. to ensure uniformity 
of composition and density. The charges were made up In ‘similar’ cylindrical cases (length - diameter) 
to the fol¥owing approximate weights:-— 20, 60, 100, 150, 250, 500, 750, 1000 and 2000 Ibs. A certain 
number cf block-filled 100 1b. T.N.T. Charges were fired also for comparison with the 100 1b. poured-filted 
Charges. The T.N.T. Charges were primed with C.£. pellets and a standard detonator was used. 


1n order to compare different method of priming and detonating some of the 100 1b. T.N.T. Charges 
were detonated near one end of the cylinder wnilst inthe other the detonation was initiated centrally. 


The small gun cotton charges were found extremely useful also in examining certain theories of 
explosion pressure and the behaviour of the p.e. gauge under different conditions. Measurements of the 
time of rise of pressure, velocity of pressure wave, surface and bottom reflections werc made with these 
gun cotton charges. 


The 24 1b. Dry Gun Cotton Charge - consists of 4 cylindrical slabs of dry gun cotton, each 9 ozs. 
packed in cylindrical watertight containers 104 inches long, 34 inches diameter and .02 inches thick in the 


wall. Two No. 9 Service detonators are fitted in parallel at one end and a watertight gland serves to seal 
the tin and bring out the firing leads. See Figure 38. Charge No. (14). 


The 182 1b. G.C. charge - consists of 164 1bs. of wet gun cotton (with 20% added water) packed in a 
cylindrical container (nett weight 13 lbs.) 104 inches diameter x 194 inches long, having two cylindrical 
holes into one of which (the axial hole) is fitted a 24 1b. dry G.C. primer, the other hole being left open 
to the sea. The primer is fired as beforewith 2 No. 9 service detonators in parallel. The thickness of 
the outer wall of the charge is as inches. Reference to the diagram No. (13) in Figure 8 shows that the 
charge case is only partly filled with wet gun cotton the spaces between the cylindrical slabs being filled 
with air. 


Depth Charges. These are of the stangard service pattern shown in Figure B No. (11) containing 
300 lbs. of 40/60 Amatol. For the purposes of the present experiments they were prepared for electrical 
firing being fitted with C.E. primers and standard detonators. These charges are practically free from 


air cavities. 


Hi Id seunee 
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H.I1| Mines. These are of the standard service pattern shown in Figure 8 No. (12), fitted with 
an inner case containing 320 lbs. of 40/60 Amato?. This inner case is surrounded by an air space of 
considerable volume and a further iron container of spherical form having a diameter of 38 inches. The 
thickness of the wall of the inner charge is A inch and of the outer spherical shel) 4 inch. The 
influence of the large air space is referred to in Section IV of the report, In this case also the mine 
was fitted with a C.E—. primer and standard electrically-fired detonator. 


Special T.N.T. Charges. A number of specially designed T.N.T, poured filled charges were prepared 
by woolwich for the main purpose of explosion research = using all forms of gauge under widely conditions. 
Reference has already been made to the principal features of these charges which are shown diagrammatically 
to scale in Figure 8. It will be observed that the charge cases are completely filled with T.N.T. the 
linear dimensions of the inside of the case being approximately proportional to the cube root of the weight 
of the charge. The density of the T.N.T. filling is 1.67 app.» Three sizes of primet, of the same type 
and fitted with the same standard detonator, are shown in Figures 8, NOs 8, 9 and 10 and also fitted to 
the T.N.T. Charges Nos. (1) to (7). 


Capacity and Insulation of the Piezo Blectric Circuit. 


The voltage V developed in the circuit when a pressure p Ibs/sq. in. is applied to a total area a 
Sq- ins. of tourmaline crystals is 


V = 8.65 x 10° 


PeA 

Cc 
where C is the capacity of the circuit measured in farads. Since the deftection § of the cathode rays is 
directly proportional to Vv it will be seen that this relation has an important bearing on the interpretation 
of the oscillograph record. Not only is it necessary that the value of C should be known accurately, but 
it is also important that it should be kept as small as pcssible so that the oscillograph deflections 8 & 

V should provide an accurate measure of the pressure. Since C is determined mainly by the length of cable 
between the gauge and the ship carrying the oscillograph, this latter condition implies that the cable should 
be as short as possible. against this, however, is the fact that the charge must be placed at a distance 
from the Ship not less than the ‘minimum safe distance’ (determined by experience). The ‘safety’ limit, 
fixes the minimum length, and consequently capacity, of cable 4 to be used. This being known, sensitivity 
must be increased by increasing the area of tourmaline crystals or the sensitivity of the oscillograph. 

For certain reasons, the latter method was not practicable, consequently the diameter of the gauge generally 
employed was fixed at 7 inches, the effective area of crystals in this case giving sufficient sensitivity 
whilst meeting the conditions relating to the safety of the ship. 


The type* and length of cable having been decided upon it is necessary to know accurately the value 
of the capacity of the circuit at the time of firing the charge. This quantity is measured immediately 
before.and after firing on every occasion - the a.c. Dridge shown in Figure 7a being employed for the 
purpose. Capacity measurements are considered accurate within 1%. 


Now the total electrical charge generated on the tourmaline crystals is a very small quantity although 
the exphosion pressure is high. Thus the explosion of 100 1b. T.N.T. at a distance of yo feet froma 7 inches 
p.e. gauge develops a charge of the order of 1076 coulombs, a very small electrical quantity. This charge 
only exists for a period less than 0.001 second during which it must be conveyed, without loss, to the 
oscillograph on the ship. It is evident, therefore, that the insulation of the circuit must be good in 
order that as little as possible of this charge shall leak away. From the point of view of leakage it is 
indeed fortunate that the electrical charge only exists for a very short period and that the capacity of the 
circuit is considerable. Thus if Ve is the voltage (© Q@p) in the circuit at any instant and Ve is its 
value at a time 't* after. 


Vt = 
+ Aerials were avoided whenever possible on account of the difficulties involved in fitting 
at sea. 
- The cable used with the p.e. gauges is pattern No. 1389A. H.T. Cable, having a capacity 


to earth of .0042 mfd. per 100 feet, the insulation resistance being very high. 
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Wks Si Nis Gna (not considering the fluctuations of V due to pressure changes in the interval) 
where C is the capacity, R insulation resistance, and e the base of Naperian logarithms. {t will be seen 
from this relation that the larger the values of C and R, the more nearly will Velo = 1, i.e. the less 
charge will leak away. The following table gives an idea of the quantities involved:= 


¢ = 107° farad t = .0001 second 


100 megohms 


c = 10° farad t = .0001 second 


These values show that even ina time as short as 107” second there may be appreciable leakage 
if the capacity is small (e.g. 10° farad) and the insulation poor. The effect of such leakage on an 
actual p/t curve (taken from Mr. Hilliar's report) is illustrated in Figure 9. It will readily be seen 
from inspection of the deduced "leaky circuit’ curves that it is of great importance to secure good 
insulation. otherwise the following errors may be introduced:- 


(i) The pressure-time curve recorded is not the true curve for the explosion. 
(ii) The maximum pressure recorded Is less than the actual maximum. 


and (ili) When negative charges* are recorded, they do not necessarily indicate negative pressures. 


In all cases, therefore, where the record is considered reliable, it has been carefully observed 


that the insulation resistance is sufficiently high (when considered in relation to capacity). in general 
the capacities employed were of the order of 1078 farad and the insulation resistance not less than 40 
megohms. In 107 second the leakage is in such a Case considerably under 0.1%. Certain records have 


been obtained, however, under conditions where charges were fired when the insulation resistance was known 

to be low (.5 megohm). In these cases the record shows false ‘negative’ pressures - compare Figure 9 curves 
C and D, with records c, d and e, Sheet II. {In every explosion experiment therefore careful measurements 
of capacity and insulation were made immediately before and after firing the charge. Records f and g on 
Sheet !| are reproduced to compare with records c, d, e, aS showing the effects of good and bad insulation 
respectively. 


Calibration of Apparatus. 


Before the pressure-time curve recorded by the oscillograph can be interpreted it is necessary to 
know the sensitivity of the various parts of the apparatus and the speed at which the rays have traversed 
the plate. 


The voltsge sensitivity of the oscillograph and the pressure sensitivity of the p.e. gauge are, 
under the experimental conditions, interlinked but it is a mstter of some importance to know the oscillograph 
sensitivity independently, so that corrections may be applied under circumstances slightly different from 
the standard conditions. 


(a) ccvece 


The negative charge referred to in (iii) begins to appear when the positive charge, due 
to the increasing pressure of the explosion pulse, has leaked off, further diminution of 
pressure (in the falling pressure region of the pulse) resulting in a negative charge 
being produced, 
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(a) Electrostatic Sensitivity of the oscillograph. 


1t can easily be shown on theoretical grounds that the deflection 8 of a stream of cathode rays 
of velocity v, charge e and mass m,* after passing between a pair of electrostatic deflecting plates of 
length A and distance apart d, is given by the expression 


r 
(1 +—) (1) 
2 


where E is the p.d. applied across the deflecting plates and 1 is the subsequent length of path of the rays 
from the end of the deflecting plates to the photographic film. The velocity v can be expressed in terms 
of voltage V generating the rays, 


v = §,95 V Vx 107 cms/sec. V measured in volts. 


whence we find 


Ses meee te « A (iad (2) 
2V d 2 


where K is the osci llograph constant and — and V are expressed in volts. 


It will be seen from (2) that the deflection d is directly propartiona) to the voltage applied to 
the deflecting plates and inversely proportional to the voltage generating the rays. These theoretical 
results have been verified experimentally. It is important to note, however, that the vacuum conditions in 
the oscillograph must be good for equation (2) to be strictly correct. (f gas is present, the cathode rays 
are reduced in velocity by collision and consequently the sensitivity is Increased, § being larger than the 
value determined by (2)**. (f therefore, the vacuum tube is soft when a record is made (this condition of 
course being avoided in general) it is necessary to make an independent voltage calibration of the oscillo— 
graph. Generally speaking, however, when the vacuum is good, relation (2) is strictly app) icable and there 
is no need to make this special voltage calibration. Under these conditions a standard value of V is taken 
in practice, viz. 3000 volts, and all observations of deflections 6 are reduced to this standard, 8 being 
taken as inversely proportional to V. 


The time axis of the oscillograph record is calibrated according to the method outlined in section 1} 
iv.b above. The circuit of the deflecting magnet is in this case identical with that used in making the 
explosion record, In certain cases the time calibration was recorded on the same plate as the actual 
explosion record but any slight advantage of this method over that in which a second pjate is used, is lost 
in the increased risk of fogging and possibility of spoiting the explosion record itself. Consequently the 
general practice has been to expose a separate plate after the explosion has been recorded, Attempts were 
made to ‘dot’ the p/t record at regular time intervals but the results obtained were not very satisfactory. 
A relay system was devised also whereby a voltage calibration of the oscillograph was recorded at the end 
of the p/t record - see Record h Sheet |} but this was only employed in a few cases. Various experimental 
devices of this nature were designed and tested but on the whole it was found more satisfactory to make 
Calibrations om separate plates, rather than run the risk of spoiling a valuable explosion record by additiona? 
complications. Typical time scales are shown on Sheet | Records a, b, c and d. 


(b) Pressure Calibration of Piezo-Electric Gauges 


The calibration of the gauge is a matter of fundamental) importance to the method and involves certain 
difficulties of a theoretical nature which must first be dealt with. When used to indicate explosion 
pressures, the gauge is subjected to a rapidly varying pressure and the conditions are essentially adiabatic 
in character, A static calibration of the gauge, under isothermal conditions, is therefore at least open 
to question, keys # has dealt with this point thermodynamically and has arrived at the conclusion that 


the eeseee 


mM = 09316 X 107 &.5, units for cathode rays. 
ae Variations due to this cause have occasionally been noticed when the tube is very ‘soft’ - 
Changes of sensitivity of a few per cent being observed. under these conditions, however, 
the indications of softness of the tube are obvious. 


+ Keys = Phi}. Mag. Vol. xiii, p.4u73 (1921) (Adiabatic and |sothermal piezo Electric Constants 
of Tourmaline). 
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the error introduced in using a tourmaline gauge adiabatically (as In an explosion) and calibrating 

the gauge isothermally does not exceed 0.33% - negligible quantity. No experimental verification 

is given. In spite of this reassuring theoretical deduction, however, it is desirable that the 
experimental calibration method should, as far as possible, approach the ideal adiabatic condition. 

Towards this end, the pressure apparatus shown in Figure 10(a) and (b) has been designed. The pressure 
vessel consists of a heavy wrought iron cylinder capable of withstanding a steady hydrostatic pressure of 
the order of % ton per square inch, This cylinder is fitted with a watertight gland, for the cable of 

the p.e, gauge, and a special device for suddenly releasing the pressure on the gauge. This release 
consists essentially of an annealed copper disc (14 inches diameter effective, and .007 Inches thick) 
closing a hole on the lid of the pressure vessel. The copper disc, whilst making a good pressure joint is 
held between the jaws of a circular cutting punch - a slight rotation (30°) of a hand screw causing this 
punch to shear the copper disc completely around its circumference. Pressure is applied to the p.e. gauge 
in the pressure vessel, by means of a hydrostatic piston pump (with non-return valve) hand operated, the 
pressure being indicated on a Bourdon pressure gauge* 0 = 1200 Ibs./sq.in. When all joints are tight the 
pressure vessel holds a steady pressure of 1000 1bs./sq.in. without leakage. 'f now the copper diaphragm 
is sheared by rotation of the cutting arm the pressure in the water filling the vessel is suddenly released 
through an aperature 1 inches diameter. This sudden release develops a charge on the p.e. gauge proport= 
ional to the change of pressure. The records indicate that the time involved in the fall of pressure Is 
a little under 0,01 second. Although this time may be considered large compared with the time of rise of 
pressure, Viz., .0001 second, in an explosion impulse, it must still be regarded as of short duration when 
we are considering adiabatic and isothermal effects. ¥t seems reasonable to suppose therefore that this 
method of calibration is essentially adiabatic, and the piezo-ciectric sensitivity of the gauge thus 
obtained is applicable without correction, to the case of the explosion record, 


In making a calibration record it is important of course to measure the.capacity and insulation of 
the p.e. circuit and to observe the voltege generating the cathode rays. The time axis of the retord is 


made by one of the methods described in Section |i iv. a. The rotating potentiometer method and the slow 
traverse method have both proved satisfactory and much superior to the older a,c. method. Records 
illustrating the three methods are shown on Sheet |. Records e, f, g and h. From such records as these 


the sensitivity of the gauge is determined. The pressure sensitivity of a gauge is usually expressed in 
terms of the pressure required to produce 1 cm. deflection of the cathode rays when the generating voltage 
V is 3000 volts and the capacity of the circuit is 0.01 4 farad**. All observations are therefore reduced 
to these standard conditions, making use of the Information that 8a 2? where p is the pressure in 


cy 
lbs./sq.ine, C Capacity in microfarads and V the generating voltage of the cathode rays. 
The graphs shown in Figure 11 were experimentally determined in this manner and indicate:- 
The deflection of the cathode rays is 


(i} Directly proportional to the pressure applied and 
(ii) Inversely proportional to the capacity of the circuit, 


In both cases the generating voltage V is kept constant, tn (i) the capacity c is kept constant whilst Pp 
is varied and in (ii) P is kept constant whilst c is varied. 


In Section || (b) (iv) above it was pointed out that the voltage — developed in the p.e. gauge 
circuit is proportional to the area A of tourmaline crystals (c= KPA). Gauges of different sizes have 
c 


been constructed and this point also has been verified experimentally = a 7 inches diameter gauge having 
approximately double the sensitivity of one 5 inches diameter. Slight differences between gauges of the 
same size have of course been observed as the crystals mounted in the gauges are irregular and do not 
completely cover the surface of the supporting metal plate. To summarise, = the theoreticali relation 


§a@ PA has been experimentally verified. 
cv 


ThE sevens 


i This gauge is calibrated at intervals and has been found to remain correct, 


ae These values of voltage and capacity were Chosen as standard since they represent average 
values over the whole working period. 


(2 Sane . P 
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The values of & in the p/t record of an explosion, after reduction to standard circuit conditions 
(C = .01 mfd. V = 3000 volts), can at once be plotted in terms of pressure when the constant of the gauge 
is known. 


5. Lay-out of Charge and Gauges in the Sea. 


when firing large charges of the nature with which we are concerned in this report, the place 
chosen for the experiment must be at a considerable distance from the shore and in reasonably deep water. 
A point of vital Importance is the distance of the gauges from the charge, whilst a secondary, though not 
unimportant, point retates to the depth of the charge and the gauges betow the surface and their distance 
from the sea-bed, The majority of the charges fired in this investigation were situated at a point in 
the 'prohibited area’ off Ryde, Isle of Wight - the depth of water being approximately 17 fathoms. For 
the purpose of the large-scale experiments two vessels are required, on one of which ('Carstairs' and later 
'M.22") is installed the oscillograph recording apparatus and accessories. The second vessel (‘Skylark* 
or 'Redwing') lays the 'trot', i.e, the system of buoys, wire, gauges and charge, as it gradually drifts 
away from the first vessel (at anchor), a stee) hauser and a grass line ccnnecting the two vessels. It 
should be mentioned at this puint that in the large-scale trials the p.e. gauge was only one of a large 
number af other gauges (these being essentially mechanical in character) laid at the same time. A series 
of bucys attached at definite points of the steel cable connecting the two ships suppert the weight of 
the charge and a number of steel girder-section frames which carry the gauges. Supperting wires, which 
suspend these frames from the main steel trot-wire, are cut tc definite lengths thereby locating the 
frames (and consequently the gauges which they carry. with respect to the charge, At the moment of 
firing the charge the second vessel starts her engines and pulls on the trot-wire. In this manner the 
trot is straightened out and uhe frames hang at their scheduled distances from the charge. with this 
arrangement of heavy frames and measured lengths of wire it is not possible that errors of distance due 
to tidal action on the frames can be of serious importance. The distances are considered accurate within 
+ 1 foot. 


Large scale experiments were only carried out when the sea was moderately calm. 


{n addition to the above mentioned large scale trials, however, a considerable number of small 
charges (24 lbs. and 18+ lbs. G.C.) were fired for other purposes. with these smaller shots the second 
vessel was unnecessary, all gauges etc. being laid from the first ship (e.g. M-22) at anchor, the tension 
on the trot-wire being maintained by a small boat or by 4 large buoy. (It should be observed that in 
these cases the heavy iron girder frames were not used and the gear on the trot was comparatively light. 
Extra precautions (additional wires, etc.) were taken to ensure that the charge-gauge distancee were 
correct. Particular attention was also paid to the method of slinging the p.e. gauges to ensure that 
they were oriented in a definite direction with respect to the line of the charge, and that they were 
situated at an appreciable distance from resonant meta? bodies (other gauges or frames) and from air 
cavities (e.g. diaphragm gauges). 


In certain cases, e.g. where it was desired to record surface or bottom reflections of the explosion 
pulse, the gauge and charge were necessarily suspended on Jong wires. In such circumstances the spread of 
the 'v' to the two supporting buoys was very smal). in these cases the charge was fired at slack water to 
ensure the gauge and charge hanging vertically and at the correct depths and distances apart. Reference 
will be made later to certain observations of the velocity of the explosion wave. In these experiments 
the two p.e. gauges used were bolted at a definite distance apart (known to .05 inches) on a 6 feet iron 
girder, the charge and pressure switch being arranged about 10 feet away on an extension of the line of 
the girder. 


Occasional large charges (300 1b. H.11 mines or depth charges) were fired in connection with 
other work of Vernon M, and in some of these cases it was possible also to obtain p.e. records. In these 


circumstances it was not always convenient to employ the usual trot arrangement to ensure accuracy of 
distance, and less accurate methods were adopted. 


In general, however, the distances in the experiments were known, as stated above within + 1 foot. 


Gecenes 
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Method of Ex teriment. 


Whilst the trot is being laid the oscillograph is evacuated and adjusted until a suitable recording 
*spot' is obtained. A general preliminary test of the various circuits~deflecting magnet, relay, E.S. 
plates etc. is then made. When the trot is laid and the p.e, cable and pressure switch cable joined to 
their respective circuits, after leaving a sufficient tength in the sea to ensure the ship being at a 
safe distance from the charge, a careful measurement is made of the insulation and capacity of the complete 
p.e. circuit. 


The insulation must be good (say > 50 megohms) and the capacity must be adjusted, by adding standard 
capacity, until it is estimated from the experimental conditions that the deflection of the cathode rays 
will be satisfactory. A final test of insulation and capacity is made just before firing the charge, after 
all cables have been made fast and the capacity is steady. The deflecting magnet circuit is adjusted to 
the required speed of traverse of the spot and a signal given 10 seconds before firing. At this signal the 
second vessel keep$ the trot wire at a steady tension, a kinema* is started, and an operator stands by the 
firing key which is in the oscillograph room. At another signal the door of the oscillograph camera is 
opened and immediately afterwards the charge is fired. The insulation and capacity of the p.e. circuit are 
now checked — if possible, for very frequently the cables break and an ‘earth’ appears — before the trot is 
weighed. A record is also made of the time scale (at known frequency) the conditions of the deflecting 
circuits remaining exactly as in the exptosion experiment. The operation of opening camera door, firing 
and reclosing the door should not take mae than a fraction of a second. The tonger the door is open, the 
greater is the danger of fogging the plate from diffuse cathode radiation. 


im some cases where a very slow traverse of the spot (e.g. .01 to .1 second) is to be made, as ina 
bottom echo record, it is necessary to employ an auxiliary switch, closing with the firing switch, to cause 
the spot to jump on the left-hand edge of the plate at, or before, the instant of firing. This switch 
introduces a resistance shunting the auxiliary deftecting magnet, thus reducing the initial deflection of 
the spot to the left. In this manner, the spot is on the plate for a short interval just before the pressure 
switch is closed. Otherwise, it would not, in many cases be possible for the pressure switch to bring the 
spot on the plate before the arrival of the pressure wave at the gauge. This device has proved very 
serviceable in many cases where the pressure switch alone would have been of little use, 


On certain occasions simultaneous records have been made with two cathode ray oscillographs. 


Section B. Experimental Results. 


after a preliminary series of experiments with smal) charges during which the technique of the method 
was greatly improved, it was possible to count on obtaining a satisfactory record of atmost every shot and to 
examine the effect of the size and orientation of the gauge on the recorded pressure-time curve, and of the 
proximity of air cavities or resonant structures near the gauge. 


Variation of Maximum Pressure, Momentum and Energy in the Pressure Pulse with 
Weight and Distance of Charge. 


Data obtained from a large number of small charges were examined ta eliminate accidental irregularit— 
ies in the charges and were used as a Check on the results obtained from a number of large charges. The 
latter series of large charges consisted of specially designed T.N.T. charges of welghts varying from 20 
to 2000 Ibs. and a few 300 1b. amatol depth charges and H.2 mines. The special charges were al.) prepared 
from the same melt of T.N,T. of density 1.67 and every effort was made to render them similar. 


The experimental results given in what follows refer only to the region where the maximum pressure 
developed in less than 2 tons per square inch. 


(a), acces 


, jn some cases a kinema is used to photograph the spray and 'plume* phenomena accompany the 
explosion. Otherwise the 10 second signal is not required except as a genera) warning signal. 
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(a) Variation of P, max with Distance. 


Two distinct methods of determining the variation of maximum pressure with distance from the charge 
have been employed. In the first method a number of charges are fired and records made with a piezo— 
electric gauge at different distances from the charge. From measurements of the maximum deflections of the 
individual records it is possible therefore to plot a curve connecting P max and distance. As we have 
already pointed out, however, the maximum pressure varies considerably from charge to charge (apparently 
similar) and it is necessary to make a number of records at each distance in order to obtain a reliable 
average. 


Observaticns with a large number of 24 1b. and 184 1b. gun-cotton charges and a number of larger 
T.N.T. Charges, indicate that the pressure falls off inversely as (distance) 1-9 within the limits of 
experimental error. 


In view of the fact that charges are so variable and that slight errors in calibration of gauges 
and the osci lograph might affect the deductions, it seemed very desirable to devise a method which is quite 
independent of the differences between one charge and another and eliminates any assumption with regard to 
the gauge sensitivity or the oscillograph circuit. The method involves only a knowledge of the distances 
of tne gauge from the charge and the deflections on the oscillograph record, 


The principle of the second method is as follows:— 


Two gauges A and 8, connected to one oscillograph, are laid at distances Dy and 0, respectively froma 
charge, and a 'slow-traverse' record is taken when the charge is fired. Each gauge will record its pressure 
peak on the plate in the oscillograph. Suppose 8, and 3, are the measured amplitudes of these peaks. 
Then, assuming the pressure to vary as 0% we have 

S a x ‘I > x 

3, = ak, Dy ; 3, ak, 0, 
wnere a involves all the parameters external to the gauges (charge, oscillograph sensitivity, capacity of 
circuit) and Ky Ky depend only on the gauges, dividing 3, by 8, we eliminate a and obtain 


x 
lebih bal i 
= 1 
Ly Ly \ERh, 


Similarty, if a second shot be recorded with the gauges A B at distance D Dy giving peak amplitudes 


5 3 
b, and by respectively 
x 
pee ab % 
5, kK \ 0, 
Dividing (1) by (2) we have 
x 
ot °y =i) a thereby eliminati 
= —) — ereby e imina ing K K 
8, $, rae sa? 
whence 
8, 8 Da wo 
x = Toa} <= r hOgt eee ee (3) 
Bivad Beas 


In the practical application of this method three similar gauges A B C were employed simultaneously, 
and three 184 1b. G.c. Charges © By were fired, the gauges being interchanged (AC, CAB, BCA) in the 
respective shots. This was done to obtain as much data as possible with the fewest shots. The 
results are given in the following table;- 


Shots « cesses 


512 


- 16- 


These results indicate quite definitely that the law of variation of P max with distance is 


given by P aoe cc + for an 184 1b. charge over a range from 20 to 45 feet. {t should be noted, in 
D 
applying the above method, that the accuracy diminishes “er *) approaches unity, and its logarithm 
' 


zero, when the value of x (in formula 3, page 15) becomes ateqrinatas {In order to obtain an accurate 
result, the value of 0, x D0, should be great compared with om X D. consistent with the condition that the 
values of 3, 5, 5, 5, 8, should al) be sufficiently great to be Genre le of accurate measurement. 


it is considered that the relation between P mas © D obtained in this manner is considerably more 
reliable than that obtained by the statistical average method referred to above. |t is regretted, however, 
that no opportunity occurred during the investigation, of repeating the triple-gauge experiment with larger 
Charges - only isolated observations having been made in such cases. The experiment appears to be well 
worth doing, however, to establish if the inverse distance law, which holds so exactly for 194 1b. charges, 
is equally accurate for larger charges. Except in the region very close to the charge, perhaps, there 
appears to be no physical re son why this should not be so. Typical records are shown on Sheet || Records 
a and b. Record 'a' was obtained from an 184 1b. G.C. Charge, whilst in 'b' a 100 1b. T.N.T, Charge was 
used. 


(bd) Variation of P ... with Weight of Charge. 

This relation is one which is considerably more difficult to determine for now we can rely only on 
the average of a number of shots. Individual variations of maximum pressure for charges of the same 
weight and composition and packed in similar containers are considerable. Thus for the specially prepared 
T.N.T. Shots variations in Pe from the mean value for a particular weight of charge were, in extreme 
cases, as high as 20%; the mean variations of course were considerably less. Then again, with small gun 
cotton charges the extreme variation of Prax was approximately 30%, the mean variation being about 5 or 
10%. The necessity for firing a large number of charges to obtain a reliable average value of trae is 
apparent. 


in order to reduce all Charges and records to the same basis of comparison the inverse distance 
law has been assumed. AS we have seen in (a) above this is probably true for all sizes of charge at the 
distances with which we are mainly concerned (viz. 10 to 60 feet from the charge). In Figure 16a are 
plotted the values of log Peay (at unit distance, 1 foot from charge) as a function of log w, abtained 
from the analysis of 148 p.e. records. The number of individual observations, of which each point on 
the curve is an average is indicated. Considerable weight must be attached to the points corresponding 
to 24 1bs., 18% lbs. and 100 lbs. charges, for these represent mean values of 38, 70 and 24 observations 
respectively. It will be observed that all the points lie on or close to, a straight line represented 
by the relation 


log max 0.38 log W+ 4.08 


r 
© Prax 


12,000 w°38 lbs/sq.in. at 1 foot distance from a charge 
of weight W lbs. of T.N.T. gun cotton or amatol, 


OF seeeee 
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or combining this with the inverse distance )aw,we have 


12,000 
Pp a w38  * ~—1bs/sq. in. 


(at distance D feet) 


The relation obtained by plotting Hilliar maximum pressure gauge (G.F) observations® is identical 
with this — see Figure 16b. Now the simple theory of explosion pressures, as outlined by Hilliar (p.12 
R.£.142/19) indicates that Prax should be proportional to w'32 = see dotted line in Figure 16b. The 
difference between the two curves shown is quite outside the limits of experimental error. {t has not 
been possible, however, to obtain a definite physical explanation of this difference between experimental 
results and simple theory, but it must be realised in the first place that the simple theory given by 
Hilliar does not include all the facts. The resistance offered by the charge case, for example, is 
ignored - it is probable that the elastic constants and dimensions of the charge case exert a definite 
Influence on the maximum pressure imparted to the water. The question has been examined by Mr. Butterworth¢ 
who gives a rough theoretical estimate that on this account the recorded pressure will be about 6% lower 
than without the above - the correction being practically the same for all sizes of charge since the 
thickness of the metal cases employed increases in proportion to the linear dimensions of the charge (see 
Figure j1). |t would appear therefore that under these circumstances the difference between the experimental 
result Roos x w*38 and the theoretical deduction Pony c w'?3 remains unexplained. 


Again it is probable that air cavities in, or near, the chargé affect P_. — but such an effect 
would probably be of an irregular nature and would affect 211 charges, large and small, by about the same 
extent. It is realised, of course, that the method of recording oar is open to criticism, for the p.e. 


gauges used have a finite size and measure only average pressure around the point of maximum compression 
in the pulse. On this account a positive correction, increasing as the size of the charge (and 
consequently the thickness of pulse) diminishes, must be applied to the recorded pressures. This would 
tend towards the cube root law but would require positive corrections to the observed values of 32% for 
2i1ds. 174% for 184 1bs. and 11% for 100 lbs. charges, assuming no appreciable correction is necessary in 
the record of a 1000 1b. charge. 


This question of correction to the recorded values of P x will be dealt with more fully ina later 
section where the form of the p/t curve is discussed. (See Section 4). 


A point of some interest and importance in connection with the experimental results shown graphical ly 
in Figures 16a and b, is the fact that observations of Rae with gun cotton and amatol charges lie on the 
same straight line as the observations with T.N.T. Charges. The results indicate therefore that there is 
no appreciable difference in maximum pressure developed by equal weights of these three explosives. 


(c) Momentum a pdt) and weight of Charge. 


AS in the case of maximum pressure, it has been found that the value of momentum, as measured by 
the area of the p/t curve, for a given size of charge is a very variable quantity. It is only by taking 
the average of a large number of observations therefore that reliable data can be obtained. with this end 
in view a careful analysis has been made of 116 records the area of the p/t curve being in each case 
measured by means of 2n Amsler integrator. |t was neceesary for this purpose first of all to analyse the 
original records and plot on an enlarged scale the graph of the pressure-time curve. 


These graphs were then used in the planimeter measurements of area. Since it is impossible to 
extend the measurement to infinity along the time axis it was decided to measure areas up to a definite 
time 't' which is taken as proportion to Wi * a value of t = 2.00 x 10°? second being adopted as a 


Standard ...... 


od The Hilliar gauge results used in this curve were cbtained simultaneously for the same shots 
and are directly comparable with the p.e. records. The difference between 'G.F." (3 copper) 
and 'G.J.' (9 Copper) gauges has been dealt with in a report by Mr. Butterworth. See appendix. 


¢ See appendix 8, 


* Any small error involved in this assumption, only affects the result in the second order of 
small quantities. 
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standard in the case when W= 100 1bs. Under these conditions a correction of 4% may be required to 
al) measured areas to give the true area up to infinity; i.e. fi pdt = 1.04 f pdt approximately. 
Thus for a 24 1bs. charge the area of the p/t curve was measure uB to a time 0.565 x 10°? second, 
whereas in the caseof 4 charge weighing 1000 Ibs. the measurement of area extended to t = 4.30 x 107 
second. In plotting results it is necessary first of all to bring all the observations to a standard 
distance of 1 foot and for this purpose the inverse distance law has been assumed. All the experimental 
evidence available supports the view that this law applies to momentum M as well as to P_y. In Figure 
17 are plotted the values of M ( = oft pdt) as a function of w the weight of charge — the logarithms 

° 


of those quantities being used as a convenient means of determining x (in M @ w) the slope of the line 
in the graph. 1t will be seen that the experimental points (each the mean of all reliable observations) 
lie well on the straight line given by 


log M = 0.65 log W + 0.26 


1.82 wrod M — momentum in lbs/sec. per sq. in. 
i = ae W- weight of charge in Ibs. 
D0 -— distance in feet. 


This has still to be corrected to bring the area observations to infinite time, i.e. 


-65 
Me pisg 0a Ne lbs/sq. in. secs. 
Dy) 


{It will be seen that in this case the experimental result is in good agreement with theory, that 
momentum is proportional to the 2/3 power of weight of charge. The experimental result now obtained is 
regarded as very reliable, for in this case there is no doubtful gauge correction to apply, the area of 
the recorded p/t curve being exactly equal to that of the actual curve, since f pdt is independent of 
the gauge dimensions. 


(d) Energy and weight of Charge. 


The p.e. records and graphs referred to in (c) above were also used in the measurement of energy 
which is proportional to f p? dt, All observations were reduced to the standard distance of 1 foot taking 
E= Daal p2 dt the law of inverse square of distance being assumed since the experimental data supports 
this law. In Figure 18 the results of all reliable observations are plotted in terms of log 
— = log of p? dt and log W—- the number of Individual observations at each point being indicated. it 
will at once be seen that the points lie well on a straight line, which can be expressed by the relation 
log E = 1.00 log W + 4.12 or E = 13200 W 


joes £ 13200 W W- 1bs. weight of charge 
2 p - 1bs/sq.in. 
D- feet 
t - secs. 
i.e, the energy in the pressure pulse is directly proportional to the weight of the charge. It will be , 


observed also that in all cases, Fray Mor E, the experimental observations for gun cotton and amato) lie 
well on the same straight line as those for T.N.T. (see Figures 16, 17 and 18) — an important point in 
dealing with the practical application of these results. 


A matter of some importance arising from the above experimental relation connecting energy and 
weight of charge, is the calculation of the proportion of the available chemical energy of the charge which 
ultimately appears in the pressure pulse. tf p is the pressure at a point at a distance 0 from the charge, 
v the particle velocity and the density of the water, and C the velocity of elastic waves in the water, 

i i i @ 3 . es 
then the energy per unit &rea in the wave ish pvdt. Since p=, Cv approximately this is equal to 
° 


1 fe 6) 
fe J p* dt. That is, the total energy passing across the surface of a sphere of radius D is 
° 


47 02 


foe) + “ oO P 
7 if R p2 dt. Now our experiments indicate that 0? J p? dt = 13200 per 1b. weight of explosive, 
° 


the sevcee 
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the distance D and preSsure p belng measured in feet and 1bs/sq.in. respectively. 


Converting to C.G.S. units v2 f™ p2 dt = 5.85 x 1026 per 1b. wt. of explosive. whence we see 
0 
that the total energy in the pressure wave is +Z x 5.85 x 104 = 4.72 x 1042 ergs. per 1b. weight of 
pC 


charge. 


Comparing this with Sir R. Robertson's statement (Journal Chemical Society Vol. 119 Part | 1921) 
that the chemical energy per gramof T.N.T. is 9g4 Calories, Corresponding to 17,5 x 10 12 ergs. per 1b., 
we at once obtain the interesting result that 27% of the chemical energy of the TNT. appears in the 
pressure wave. 


It is also interesting to observe that the relative chemical energies per gram of T.N.T, amatol 
(40/60) and gun cotton, are given as 924, 920 and 892 respectively. These values only differ by about 3%. 
It will be Seen from the graph in Figure 18 that the energies in the pressure waves from T.N.T. amato) and 
gun cotton are almost the same - a result in good agreement with the chemical data. 


Summarising the principal experimental results to which reference has been made in this section, 
we find that the piezo electric-records indicate 


(1) Pmax = 12,000 w*387p1-00 
(2) hee pdt = 14.90 we 8575 

° 

ape 1.00,.2 
(3) f° p@ at = 13200 wh 0 

fe] 


where W is weight of charge in 1bs., distances D are measured in feet and pressures | 
in 1bs/sq.in. 


o 2 (oo) 
(Note — Momentum = f pdt Energy = 270° ff p2 dt) 
° C ) 
(4) About one quarter of the chemical energy of the explosive appears in the pressure wave. 
(5) Relations (1) (2) (3) and (4) are equally applicable for T.N.T. Amato] (40/60), or 


gun cotton. 


Effect of Depth of Charge and Gauge. 


In the foregoing experiments on the variation of spill and — with weight of charge w, particular 
Care was taken to ensure that the charges and gauges were suspended at a known depth below the surface. 
For the purpose of comparison of charges of different weights it was considered desirable, on general 
grounds, that the depth of submergence of the Charge and gauges should be approximately proportional to the 
cube root of the weight of the charge taking 23 feet for 100 1b. charge as standard. Previous to this, 
however, it had been ascertained that, except at very small depths, the influence of depth on the pressure 
was almost if not entirely negligible. It will be seen in what follows that this was confirmed by 
subsequent experiments. It is to be expected, of course, that as the depth of the charge or the gauge 
becomes small in comparison with their distance apart, the ‘negative’ wave reflected from the surface will 
interfere with the direct positive wave received by the gauge. As the depth diminishes this effect will 
become more and more serious but it will only be at very shallow depth that the pressure maximum will be 
affected, as we shalj see, The experimental observations may be divided into two sections. 


(i) In which the depth of the charge is kept constant whilst the depth of gauge 
is varied. 
and (ii) In which the depth of gauge is kept constant and the depth of charge is varied. 


IM sacese 
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In the first series (i) 18% lbs. G.C. Charges were used. Here it was found that Prax is only 
very slightly affected by depth; when the gauge is one foot from the surface the value of eas is only 
10% lower® than at 15 feet depth, The effect on momentum and energy is, however, more serious at such 
shallow depths, for the reflected pulse arrives near the point of maximum pressure and a Considerable area 
of the pulse is therefore cancelled. At depths greater than 5 feet, however, the values of ape ff pdt 
and Jj pe dt are practically independent of depth of the gauge. 


In the second series (ii) 100 Ibs. T.N.T. charges poured filled, were used, the depth of the gauge 
in all cases being greater than 10 feet. It was found as in the previous case, that the values of P 
M and E are practically constant so long as the depth of the charge exceeds about 5 feet. The effect of 
surface reflection is most marked In relation to momentum, since after a certain interval, depending on 
the difference between the direct and reflected paths of the wave, has elapsed the pressure is suddenly 
cut off by the surface-reflected wave. Unless the depth and difference of path are small, however, 
(less than 5 or 10 feet} this effect becomes negligible. { 


As a result of these experiments therefore, we may conclude that the depths of the charge and the 
gauge are practically immaterial provided they exceed a minimum of value of about 10 feet #4. In this 


statement it is of course implied that bottom reflections are negligible, the bottom also being at a 
minimum distance of 10 feet from either gauge or charge. 


The discussion of surface and bottom reflections is reserved for a later section (see Section 5). 


3. Comparison of Explosives. Poured and Block Filling. ‘End’ and ‘Central’ 
initiation. 


T.N.T., Amato] 40/60 and gun cotton charges of the same weight give.equal values of aaa moment um 
and energy. 


A comparison of ‘poured’ and ‘block’ fillings, and of ‘end’ and ‘central’ initiation revealed no 
certain difference in these quantities. 


4. The Form of the Pressure Pulse. 


Before going on to discuss the experimental evidence relating to the form and magnitude of the 
pressure-t ime sequence in the explosion wave emanating from different sizes of charge under varying conditions, 
it may be of some assistance to consider the probable course of events when a charge is detonated under 
water. We shall assume in the first place that the charge is a sphere of radius ‘r' centrally detonated 
and enclesed in a metal case of known elasticity, density and thickness. If the rate of detonation is 
taken as 7000 metres/second % the time taken for the whole of the charge to detonate will be "/7000 seconds 
for a 100 Ibs. T.N.T. charge of radius approximately 0.2 metres this time is 2.9 x 10-5 second, It might 
reasonably be assumed that the velocity of detonation if not greater than, is at any rate equal to the 
velocity of propagation of an elastic pressure pulse through the charge. Consequently it would seem ; 
probable that the pressure on the inside of the charge case will rise instantaneously to its maximum value at \ 
the instant when all the charge is detonated and is converted into incandescent gas. The charge case and 
surrounding water now begin to move radially, starting from zero velocity and rapidly rising to a maximum. 
That is, the pressure pulse transmitted into the water will have a finite time of rise to its maximum value, 
this time of rise probably depending on a number of factors viz: (1) the maximum pressure instantaneously 
applied to the inner wall of the charge case, (2) the strength (elastic constants) of the material of the 
charge case, (3) the inertia of the charge case and surrounding water which is set in motion; it is probable 
also that the viscous resistance of the water plays an important part in the ‘degradation’ of the pressure 
pulse near the charge where the displacement amplitude is large. G. W. Walker formulated a theory of rise 
of pressure. His estimate of the time of rise of pressure in an H.2 mine cases is surprisingly near the 


observed .eoess 


This is based on a single observation. It should be notea that under similar conditions 
individual variations up to 30% have been observed. 


# This statement strictly speaking applies only to such distances apart of charge and gauge as 
are met with in the present investigation. 


* T.N.T. 6950 metres per sec. 
Ory G.C. 7998). * ae 
Wet " 5820 L] bt J 
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observed value in the present investigation viz. Q.6 x 107" second, 


S. Butterworth” has more recently examined this question theoretically by a different process and 
also finds that the time of rise of pressure as affected by the presence of charge case and surrounding 
water is of the order 0.5 x 1077 second, 


After the charge-case has burst, the bubble of high pressure gas will rapidly expand with 
consequent fall of pressure. In the present investigation we are not concerned with the expansion of the 
bubble after a time of the order of .001 second, when it rises to the surface and expends its remaining 
pressure in throwing masses of water into the air in the form of a spray and plumes. 


From such general considerations it is to be anticipated that the pressure pulse passing through 
the water at a point some distance from the charge will have a short, but finite, time of rise to a maximum 
value followed by a more gradual fall of pressure to zero again at a rate determined by the expansion of 
the gas bubble. A glance at typical explosion records at once reveals these Shige scl oe assis time 
of rise being usually of the order of 10 ~ second whilst the time of fall, of the order of 10” secom, 
Gepends on the size of the charge. in what follows we shall deal in more detail with the principal 
characteristics of the records. It is our purpose also to determine as far as possible how nearly the 
recorded p/t curve represents the actual pressure-time variations taking place at that point in the water 
in which the p.e. gauge is situated, 


(1) Time of Rise and Maximum Pressure, 


In the original paper follows a detailed discussion of (a) the effect of the charge case, and 
(b) the effect of the finite size of the piezo electric gauge and the weight of the charge. 


(2) Rate of Fall of pressure. Variation with Weight of Charge. 


The question.of expansion, with consequent fall of pressure of the gas bubble has been dealt with 
mathematically # by Professor H. Lamb the deductions being in general agreement with the experimental 
results now obtained. Considerations of the rate of growth of the gas bubble indicate that the rate of 
fall of pressure is inversely proportional to the radius of the charge, i.e., to the cube root of the 
weight of the charge. 


Measurements of the time ‘t' in which P. 27 falls to 0.25 of its initial value (taken from records of 
charges varying in weight from 2&4 to 1000 lbs.) indicate that this deduction is experimentally verified. 
The results of observations are plotted in Figure 23 where it is seen that 


log = 0.32 Wort & wr? 
i.e. Bae wo yr? x 
bt 


which relation within experimental limits, indicates that the rate of fall of pressure varies inversely 

as the linear dimensions of the charge. Taking m, as the rate of rise of pressure and m, as the rate of 
fall, the following are approximate mean experimental values of the ratio m,/m, for 24, 18%, 100 and 1000 Ibs. 
charges, viz. 2, 4, 7 and 16 respectively. These values were employed to calcuate the correction to the 
Hilliar maximum pressure gauge G.F, It will be seen that the ratios vary approximately as the cube root 

of the weight of the charge. 


(2) irae serie 
: S. Butterworth. See Appendix 8. 
4 Phil. Mag. January 1923, H. Lamb. 
* Note - This result is obtained by assuming an exponential fatl of pressure, The form of 


the pressure is more accurately expressed by the difference between two exponential 
functions but the slight change in 5P/8t involved f fom P = 1 to P = 25 between the above 
expression and the more accurate one is negligible. 
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(3) irregularities in P/T Records. 


In addition to the regular rise and fall of pressure which alone has been considered up to this 
point, the majority of p/t records exhibit irregularities of a more or less serious character. These 
irregularities have in some cases been found to originate in the charge itself, it others in the pre. 
gauge, whilst in others they have been traced to the influence of bodies external to both the charge and 


the gauge. 


(i) 


@) 


(8) 


ty) 


The irregularities are classified as periodic and non-periodic. 


The periodic fluctuations of pressure in the records have been traced to the following 
Causes. 


Resonant vibrations in the gauge mounting. When the tourmaline crystals are mounted 


inside a cast brass ring (as in Figure 4a) it was found in every instance that the p/t 
record showed a superposed damped oscillation of frequency about 4000/second. The 
initia) amplitude of this oscillation was a considerable proportion (10% or so) of the 
total pressure amplitude applied directly to the tourmaline. With a gauge mounting of 
ebonite or Xylonite these oscillations, if present at all, are negligible, Record g 
Sheet 3 shows the result obtained with an ‘ebonite' and a ‘brass' gauge exposed to the 
same shot (184 lbs. G.C.). The oscillations due to the brass gauge are very pronounced. 


Resonant oscillation of the tourmaline slabs. A certain number of records, but not all, 
show indications of high frequency small amplitude oscillations which may possibly be 


ascribed to longitudinal oscillations of the tourmaline slabs in the direction of the 
electric axis. These oscillations are shown in Record abc ef h j and k on Sheet 3, 
In a bce and f the gauge used was 7 inches circular broadsideon; in "h’ the gauge was 
a ‘strip’ 15 inches long used end-on; in j ‘strip’ and 7 inches circular both broadside 
on; and in 'k' 7 inches circular edge-on and 7 inches circular broadside-on. 


It will be seen therefore that the high frequency oscillations indicated by ‘dots‘ 
on the record, occur whatever the orientation or the gauge with respect to the charge. 
In some cases, but not in all, it is possible to reconcile the frequency of these 
oscillations with the simple theory of resonant oscillations in the tourmaline slabs, 
Thus in record 'j' the period of the dots in the first peak is 0.31 x 107" second, 
Taking 6000 metres/second as the velocity of elastic waves in tourmatine and the thickness 
involved 2.2 cms. the calculated period should be 0.37 x 107" second in fair agreement 
with the record. Such agreement, however, is not always obtained and we must look for 
other causes also. It is interesting to note, in passing, that the dots in records a 
b c Sheet 3 appear in pairs. 


It is difficult to explain why these oscillations should appear in some records but 
not in others - it is possible that some slight initial variation in the form of the 
incident p/t pulse may produce resonance in the tourmaline on one occasion but not in 
another. An examination of this point and a test of gauges having tourmaline slabs of 
different thicknesses would be interesting. 


Electrical Resonance in p.e. Circuit. A possible cause of high frequency oscillation 
on the p/t record Is the existence of inductance and capacity in the electrical circuit 
of the p.e. gauge and oscillograph. The inductance (calculated) of the single core 
cable with earth return as used in the present experiments is approximately 0.5 x 1074 
henry per 100 feet. With a 300 feet length of cable, of total capacity of 1078 farad, 
the frequency of the superposed oscillations wil) be 10° ~/second approximately, which 
is of the same order of frequency as the oscillations due to resonance in the tourmaline 
slabs (see (G) above). The cause of the high frequency oscillations recorded may, 
therefore, be due either to (Z) or (y) or both, and can only be distinguished with 
certainty by varying L and C or by varying the thickness of the tourmaline. A simple 
test would be to use two gauges, having tourmaline of different thickness, In the same 
circuit for a record of the same shot. 


In any case the amplitude of these oscillations is too small to have any practical 
significance, as the records show. 


Chit) reretetareis 


(ii) 
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Non-periodic Irregularities. Effect of Air Cavities and Charge Case. 


Even in the case where the mounting of the gauge is non-resonant many of the p/t records 
still exhibit irregularities which must be ascribed to other causes. A large number 
of records have been obtained in which two different p.e. gauges have been used = the 
oscillograph record consisting of two peaks corresponding to the passage of the pressure 
pulse over the two gauges. A comparison of such pairs of records reveals many 
interesting features some of which we have mentioned already (e.g. variation of 7 and 

P with size of gauge). Apart from the influence of the gauge itself it is at once 
evident that many of the pecularities occurring in one record of a pair appear also in 
the other. A large amount of evidence of this nature makes it clear that the charge 
itself is responsible for a large proportion of these irregularities. For example, it 
has been found that the p/t records of 184 1b. charges are very variable, some records 
being comparatively smooth whilst others show very serious irregularities. Such 
irregularities and differences between individual -charges receive an explanation when 

it is remembered that the 184 1b. G.C. charge contains air cavities of considerable 
volume and somewhat irregular distribution, 24 1b. charges are also somewhat variable 
but not quite as Dad as the 18% Ibs. - they also contain some air but only a small 
volume. In order to eliminate entirely the possibility that such irregularities were 
cue to a particular gauge or oscillograph a number of records were made using two 
independent oscillographs and three p.e. gauges (strip and two circular (one Broadside, 
7 inches one edge 1 inch)). In al) cases the three p/t peaks recorded were practically 
identical (making allowance for any differences arising from the difference in the sizes 
of the gauges used). Many of the irregularities accurring in the records of T.N.T. 
poured filled charges are probably due also to the presence of air cavities in the 
explosive — about 30 or 40% of the records are, however, practically "smooth" Records 

a and b Sheet 5 are a typical example of a smooth record reproduced on 3 different °¢ 
gauges and with two different oscillographs. In this case the charge was 100 Ibs. 
block-filled T.N.T. 


As was anticipated, the general effect of increasing size of p.e. gauge (from 1 inch 
(7 inches broadside) to 7 inches edge on) was to smooth the recorded p/t curve. This 
effect vas strongly marked in the comparison of gauge records, the broadside-on gauge 
sometimes revealing very sharp pressure peaks which were smoothed ot almost entirely 
by the edge-on gauge. 


In certain of the earlier T.N.T. shots it was observed that the fall of pressure was 
irregular, but showed the same general features in all the records. it was then 
noticed that in these cases certain large diaphragm gauges containing air (cylinders 
6 inches to 12 inches diameter) were laid at a certain distance (about 14 feet further 
from the charge) from the p.e. gauge. These large air cavities constitute a "sink" of 
energy for the pressure pulse and the reflected tension wave neutralises a portion of 
the primary pressure passing over the p.e. gauge. Repeating the experiment, after 
removing the diaphragm gauges, records comparatively free from irregularity were obtained. 
!t appeared from such results as these that air cavities have a very powerful influence 
on the distribution of pressure at appreciable distances away. In order to test the 
point directly a 2-gauge 2-oscillograph comparison was made with an 18% lbs. G.C. charge 
placing an empty primer tin about 2 feet above the charge. The same irregularities 
appeared in the second oscillograph record. A similar experiment (with a 2 gallon petro} 
tin near the charge) usIng two gauges recording on one oscillograph gave the result shown 
in Sheet 5 record ‘g'. In both cases it will be seen that the air cavity introduces 
very definite irregularities into the form of the pressure pulse. The effect of the 
two gallon petrol tin Is very pronounced and occurs at an instant coinciding with the 
difference of path traversed by the primary wave to the gauge and the wave which is 
reflected from the empty tin. The earlier irregularities on the p/t curve of the 
circular gauge which do not appear on the ‘strip’ record are probably due to the fact 
that the second record commences before the first is finished = this statement applies 
to many of the records where pairs of gauges were used a few feet apart. 
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In further illustration of the effect of air cavities it may be of interest to 
compare the record of an ordinary 300 1b. Amato) depth charge (Figure 8 (11)) with that 
of a typical H.1! mine 320 lbs, Amato) (Figure 8 (12)). The H.!! mine in every case 
exhibits a second subsidiary peak of pressure which does not occur in the depth-charge 
record. The secondary peak has on the average a Prax about 12% of that of the primary 
peak and occurs about 1.4 thousandths of a second afterwards. The momentum in the 
secondary is about 10% of that in the primary pulse. It seems probable therefore that 
about 90% of the momentum is communicated directly to the water through the ends of the 
charge case whilst the remaining 19% follows subsequently through the spherical mine 
shell via the air-space. The time of passage of secondary wave through the air space 
(about 1 foot) would probably be of the order of a thousandth of a second as the records 


indicate). 
The record shown on Sheet 5 "h" is interesting. In this case the charge (18% Ibs. 
G.C.) was lashed to the end of a spar of soft wood (about 3 inches diameter). It is 


observed that the maximum pressure recorded is abnormally low, the customary peak of the 

curve having been cut off. It is difficult to reconcile this result, however, with the 

fact that the maximum pressure developed by a 320 1b. H.I! mine or an 184 1b. G.C. charge 
is practically normal in spite of the presence of a large surrounding volume of air. 

In these cases it should be observed that the irregularities produced by the air cavities 
frequently occur subsequently to the maximum pressure being reached. 


Reflection of Pressure Pulse from Surface and Bottom of the Sea. Reflection 


rom the Ilull of "Gorgon". 


It is a matter of importance in considering the effect of the explosion of a charge under the 
water to determine not only the magnitude and form of the direct impulse but also the impulses reflected 


from the surface and bottom of the sea. In the case of surface reflection we are dealing with the 
transmission of a pressure pulse from a denser to a lighter medium in which @se the reflected wave is 
similar to the primary wave but reversed in phase — i.e. the reflected pulse appears as a wave of tension. 


The actual process of reflection of a pressure pulse of large amplitude is complicated by the facts that 
water is incapable of transmitting a large tension and that the surface breaks up into spray at the onset 

of the primary pressure wave. Reflection from the bottom is comparatively simple but presents certain 
difficulties with which we shall deal later. In this case the pulse is travelling froma lighter toa 
denser medium so that the reflected wave has the same phase as the incident wave, i.e. the bottom reflection 
is a wave of positive pressure similar to that of the primary pulse. 


(a) Bottom Reflection 


When the cathode stream is traversed sufficiently slowly across the plate it is possible to record 
not only the primary preSsure pulse which reaches the p.e. gauge directly but also the reflected pulses 
from the surface and the bottom of the sea. From geometrical considerations it is a simple matter to 
determine the most suitable rate of traverse to record these reflected pulses. Typical records showing 
bottom reflections are reproduced on Sheet 8 a to d. 


The following table includes the results of measurements of records of this character. In the 
table hy and ho are the distances of the charge and p.e. gauge respectively from the bottom, the charge 
being 15 feet from the gauge in each case, 


Table wesc 
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Weight Length of path Maximum Pressure amplitude Ratio of 

g 9 
of hy hy (cms. on record) amp] itudes 

charge Direct Reflected Direct Reflected oF i disochee 
Feet Feet Feet Feet and incident 

pressure 

waves 


lbs. 

none 

recorded 
0.53 
0.15 
0.11 
0.08 
0.15 
0.10 
0.11 
0.14 


The values of efficiency of reflection given in the last column of the above table were obtained 
by referring the reflected pressure te the same distance, 15 feet, as the primary pulse assuming the inverse 
distance law of pressure variation. Thus in shot No. 2 the observea reflected pressure amplitude is 0.53 
cms. the reflected path being 26.6 feet. Referring this value to a distance of 15 feet we obtain 0.904 cms. 
which is 51% of that produced by the direct pressure pulse at this distance. Shots (2) and (3) in the 
above were fired over a2 soft mud bottom in Portsmouth Harbour whilst the others, except No. 1, were fired 
in Spithead at a point where the bottom is hard mud and sand. The mean of al) observations indicates an 
efficiency of reflection of 55% approximately from a bottom of mud and sand. This result has ar important 
bearing on the use of bottom mines of the 'M' type. the maximum pressure, and presumadly the momentum, 
developed by such mines being consequently 50% greater than the corresponding values for ordinary mines 
moored in midwater. Similarly the result is of importance in relation to echo methods of depth sounding 
where a small amplitude pressure pulse is reflected from the sea-bed, 


(b) Surface Reflection. Reflection from the hull of H.M.S. "Gorgon", 
The question of the reflection of a large-amplitude pressure wave from a water-air surface is 

much more difficult than might at first be supposed from a consideration of the work of earlier investi- 

gators, in particuler of Hilliar and Walker. Thus both assume that the pressure pulse is completely 

reflected at the surface, but reversed in phase, the effects at any point in the water being simply 

determined by a superoosition of the positive direct and negative reflected waves, making due allowance for 

the time difference in arrival at the point in question. It will be shown that such is not the case. 

n order to determine the critical depth at which the surface was only just broken (or just not broken, as 
we chose) into spray, charges were fired by these observers at different depths, On the basis of such 
experiments it was found that the maximum pressure applied to the water surface was about 0.3 ton/sq.in. 
at the critical stage when spray is just beginning to form. Consequently it was stated that the wave of 
this pressure amplitude is perfectly reflected, but it was erroneously concluded from this observation that 
water is capable of withstanding a tension of this amount. It will be shown in what follows that such 
is not the casey It has been rightly supposed, however, that the surface is capable of reflecting large 
pressure amplitude (of the order of 0.3 ton per sq. inch) but it must be remembered that at the instant 
of reflection the water below the surface is still under compression from the ‘tail’ of the advancing 
pressure pulse. The effect of the reflected pulse therefore is merely to neutralise this positive 
pressure (either totally or in part) but not necessarily to produce a large tension in the water. 


Typical records showing surface reflections are reproduced in Sheet 7, whilst the experimental 
results for a number of 24, 184 and 100 1b. charges are included in the following table. 


Table coccs. 
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TABLE 


SURFACE REFLECTION 


— 


Depth Feet 


Maximum Pressure 
recorded 


Direct Reflected 


los ./sq.in. 
8, 


Time 

difference 

of second 
calc. 


6. 


Length of 
path feet 


Reflected 


Negat ive 
Pressured 


Direct 
tg 


lbs ./sq.in. 
9. 


600 1bs, 
inde f- 
inite 
500 Ibs. 53 
indef- 
Inite 


100 lbs, 


(S.16) T.N.T. 
(17) 100 lbs. 23 
iN (S.22) T.N.T. 
(18) | G.4 | 15" 
| 250 Ibs. 6 ; from from 
TNs Te surface surface 


pinhead nt sent ean 


In al) cases (1) to (17) the actual values of tension must be regarded as approximate only. 
The value in (18) is fairly accurate, 


The conditions of reflection In these cases when the gauge is practically in the surface - 
are rendered uncertain by surface irregularities and the presence of the air floats near 
the gauge. The records indicate, however, a considerable drop in maximum pressure and 


momentum. 


6 The reflection in this case took place from the steed hull of H.M. Ship "Gorgon". 


A glance seveee 
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A glance at the above table reveals a number of outstanding points. In the first place the 
maximum tension recorded under any circumstances is 170 lbs. per square inch; in the majority of cases 
the tension is of the order of 50 1bs./square inch. It seems improbable that the actual tension attained 
at any point in the water ever exceeds 200 Ibs./square inch. On the other hand, the maximum pressure 
amplitude of the reflected pulse may reach 600 Ibs. per Square inch — see Column 8 of above table, in which 
case only a small fraction (sometimes zero) appears as tension. When the total reflected pressure amplitude 
is smal] the proportion of tension is usually great. 


The results included in the taple cannot possibly be explained on any theory of simple reflection 
from the surface, for the reflected pressure amplitudes recorded are, as a rule, only a few per cent 
(4 or 5 usually) of the expected values if perfect reflection is assumed. In certain cases, however, e.g. 
shots (6) (7) (16) and (18) in table, the reflected pressure is much greater than usual and in one of these 
cases (16) there is no tension recorded. In order to explain these apparently widely varying results the 
following qualitative theory (deleted) is suggested. It is assumed that perfect reflection takes place 
at the water-air surface and that the tension at any point in the water cannot exceed 'p’ 1bs./square Inch 
without rupture and the consequent formation of a new water-air (or vacuum) surface. 


The experimental results are in general conformity with the above theory of critical layers and 
multiple reflecting surfaces. 


It seems not improbable also that this theory will explain certain large discrepancies still out— 
standing between the ‘spray method’ of measuring explosion pressure (see G.W. Walker's reports) and other 
methods suchas Hilliar and the p.e. method now described. The question of the spray phenomena on these 
grounds requires further consideration. 


To summarise the results of this section it appears that, 


(1) The value of the maximum tension which sea-water can support momentarily is probably less than 
200 bs./square inch. Values of 100 Ibs./square inch in ‘water—in bulk" and of 170 1bs./square 
inch between water and steel are the highest tensions recorded. 


(2) The maximum recorded pressure reflected from the sea surface is about 600 1bs./square inch but 
there is no reason to suppose that this is the maximum possible. 


(3) A qualitative theory is proposed to explain these results. On this theory it appears that when 
the depths ef charge and gauge are greater than certain critical values (depending on the size 
of charge and distance from gauge) the reflected pressure amplitude cannot exceed a certain small 
value of the order of 200 1bs./square inch. 


(4) In the circumstances stated in (3) the practical effect of the "negative-momentum' reflected from 
the surface of the sea is negligible. 


Velocity of the Pressure Wave. 


Experiments carried out at St. Margarets Bay S/R Station® in 1920 and 1921 gave an accurate value 
of the velocity of small amplitude explosion waves over a base line of the order of 10 mides. The velocity 
at different temperatures was expressed by the formula 


Ve = 4756 + 13.8t - 0.12 t? feet/second at a salinity of 35% 


Hilliar in 1919 measured the velocity of large-amplitude pressure waves (close to large charges) by 
means of two contacts at a known small distances apart and a chronograph running at a known speed. His 
experiments yielded the result that, within a few per cent, the velocity of the explosion wave (of pressure 
amplitude 0.7 ton/sq.in.) is the same as that of sound waves in water, or about 4900 feet/second, The 
temperature of the sea at the time of the measurements is not specified. 


Im the weoee 


Proc. Roy. Soc. A. 103, p.284, 1923. 
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In the present investigation an attempt was made to determine the velocity of the pressure wave 
near the charge as accurately as possible in crder to obtain the variation of velocity with pressure- 
amplitude. The method finally adopted employed two exactly similar circular p.e. gauges placed broadside— 
on to the charge and fixed on a rigid iron bar (of girder section) at a distance apart usually 5 feet 
(approx.) which could be accurately measured. The pair of gauges were suspended at a known distance 
from the charge on a continuation of the line of the bar passing through the charge. The depth of the 
charge, 184 G.C. and the gauges was kept constant at 15 feet the distances of the two gauges being 15 and 
20 feet respectively from the charge. The gauges were connected in paralle? to the oscillograph recording 
plates, the usual circuits containing the pressure switch being employed to traverse the spot across the 
plate. In order to obtain an accurate measure of the time=interval between the two pressure peaks (due 
to the two gauges) to be recorded, the potential variations in a valve circuit oscillating at a frequency 
of 2000 ~ (or in some cases 1000 ~/second) were applied to one of the deflecting plates of the oscillograph 
Whilst the record was being made. In this manner tne record consists of an oscillation of 2000 ~/ second 
on which the two pressure peaks are superposed. Since the rise of pressure is very sudden, the instant 
of arrival of the explosion wave at each gauge can be read off the record very accurately. The frequency 
of oscillation was standardised at the time of firing the charge by comparison with a tuning form® of 
frequency 1000 ~/second. A steel tape graduated in feet (tenths and hundredths) was employed to measure 
the distance apart of the gauges. {t is considered that the distance apart of the gauges is probably 
correct to 1 part in 1000, The probable error in measurement of the velocity due to errors measurements 
of length of base is not greater than + 0.1%, i.e. to+ 5 feet ina velocity of the order of 5000 feet/ 
second. it must be pointed out at this stage, however, that the probable error of the final result is 
considerably greatat than this due to errors introduced in the actual measurement of the records. Further 
reference to this will be made later. Temperature observations, using a reversing thermometer were made 
on each occasion of firing a charge. The preliminary observations by the methoc indicated above gave a 
value which agreed closely with the ordinary velocity of small amplitude waves, i.e. in accordance with 
the St. Margarets Bay results. This unexpected resu)t led us to suspect a possible error due to the 
movement of the iron girder-bar which carried the gauges, in the direction of the pressure wave, such 
movement being transmitted (at a velocity higher than that in the water) through the bar itself to the 
second gauge. Such a movement would have two effects, (1) to increase the effective length of the base 
line between tne gauges and, (2) to-develop a small pressure on the second gauge before the arrival of 
the pressure pulse through the water. The entire-absence of (2) made it seem improbable that (1) was 
of a serious nature. In order to leave no room for doubt, however, the experiment was repeated with the 
two gauges suspended freely (though at a definite distance apart) by means of spunyarn from short cross 
bars fixed on the girder bar. The values of the velocity were, however, unaffected by the change in the 
method of mounting the gauges, thereby eliminating the possibility of the error mentioned above. 

Further measurements were therefore made with the gauges rigidly clamped to the iron girder-bar. 


The velocity observations may conveniently be divided into two series viz. (1) those made March — 
May 1923 when the sea temperature was about 10°C and, (2) those made in December 1923 the temperature 
then betng 7°C approx. In the first series of observations the time scale was generated by an oscillation 
of 2000 ~/second with high harmonies (see Sheet 8 Records a to d), it was thought possible in this manner 
to obtain ‘t' the time interval between the gauges more accurately on account of the increased 
probability of obtaining sharply defined turning points on the time scale occurring at or near the instants 
of commencement of the pressure rise at the two gauges. In this case it was arranged that the ‘pressure 
deflection’ on the record should be large compared with the A.C. oscillations. The frequency of 
oscillation was adjusted to 2000 ~/second by tuning aurally to a 1000 ~/second fork. It is estimated 
that the error introduced in this manner does not exceed 1 in 250 in frequency, i.e. + 20 feet in velocity. 
In the second series of experiments a large amplitude sine wave of 1000 ~/second was used as the time 
scale, the pressure deflection being kept relatively small (see Sheet 8 Records e, f and g). The 
frequency in this case was adjusted to that of the fork by beats and is considered accurate to 1 in 1000, 
equivalent to + 5 feet in velocity. The cesults of all observations are included in the following table, 
where a Comparison js made with the values of velocity for small-amplitude waves at the same temperatures. 
The distances of the two gauges from the 184 lbs. charges were in all cases 15 feet and 20 feet respectively, 
corresponding to a value of Fog at the mid point of the base-line of 2000 Ibs /sq.in. 

Table weesee 


This fork had previously been standardised by direct comparison with a similar fork having 
an N.P.L. certificate its frequency being 1000.35 at 16°C. 
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TABLE 


Oe 


Difference 
(v-v) 
ft./sec. 


Velocity V feet v 


per second 


Length of 
base feet 


Record No. Temperature 


“fe 


V,16 


17 


Corresponding 
waves ft./sec. 
Mean of 
all records 
The chief source of error in the velocities given in the above table is that involved in the actual 
measurement of the records. In the first series V2 to Vg, for example, the probable error due to this 
record, however, the error may be reduced. Taking into consideration all the above mentioned sources of 
error it seems probable that the velocity 4875 ft./sec. at 10.3°C is correct within limits of + 40 ft./sec. 
correct within the limits + 30 ft./sec. !t will be observed, however, that whilst the average of the 
first series gives a value of velocity of 10 ft./sec. lower than the known value for smat) ampTitude waves, 
Taking the mean of all observations the velocity of the large-amplitude pressure pulse is 4890 ft./sec. 
at 8.5°C as compared with 4865 ft./sec. for waves of very small amplitude. The difference between these 


for small amplitude 
10.3°C sy fatnat te Mean 4875 ft./sec, 4886 ft./sec. 
: oe 
cause in individual measurements is + 30 ft./sec. by taking a series of independent measurements of each 
Similarly it was considered that the value 4906 ft./sec. at 6.9°C obtained in the second series is also 
the average of the second series is 60 ft./sec, higher. It is difficult to account for this difference. 
values is small and uncertain. 


Growth of Gas Bubble. 


Reference has already been made above to the experimental observation that the rate of fall of 
pressure is proportional to the radius of the charge. This of course implies that the gas bubble formed 
at the instant of complete detonation expands approximately in accordance with ordinary gas laws. It is 
amatter of some theoretical and probably practical importance to measure the rate of expansion of the 
bubble, and consequently the rate of displacement of the water surrounding it, by more direct methods. 


This question has already been examined by Ramsauer” by the following method. A number of steel 
points at known distances from the charge are connected through insulated leads to corresponding 
electromagnets which are arranged to contro) markers on a Chronographic drum Normally, direct current 
passes through the points and returns through a large earth plate. When the charge is exploded, however, 
and the expanding gas bubble touches one of the points the current is cut off and the corresponding 
electro-magnet records the instant on the chronograph. Similarly for the other points. In this way 
the chronograph record indicates the arrival of the bubble at the successive points, where it is 
possible to deduce the velocity and acceleration of the boundary of the gas bubble. Using charges of 
dry gun cotton of 1 to 5 lbs. weight, it was found that the maximum displacement of the boundary was 


given dese. 


C. Ramsauer (Ann. der Physik 4 vol. 72 Heft 4. p.p. 265-284 August 1923) and Admiralty 
Technical Records Ac. 117. 
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3 
given by y max = 159.3 VF cms. 


where W is weight in grams and P is the total external pressure (atmospheric + head of water). In the 
case of a particular charge of 16.10 grams of dry G.C. fired at a depth of 500 cms. it was found that 
the radius of the bubble passed through the values 50, 100, 200, 300 and 400 cms. at times corresponding 
to 44, 60, 106 and 125 x One second respectively from the instant of detonation. From observations 
of this nature the speed of water displacement at varying distances and depths was determined. 


Using piezo electric records of the p/t sequence of explosions, Butterworth has dealt with the 
question of expansion of the gas bubble theoretically. Ramsauer's experimenta) results are in good 
agreement with the theoretical deductions. 


Experiments were commenced during the present investigation to test a modification of Ramsaver's 
method but no opportunity offered for completing the work. It may be of interest, however, to outline 
the method for future use with large charges - Ramsauer has only applied his method to charges up to 
about 5 Ibs. weight. In the proposed modification a number of points In the sea are supp?led with A.C. 
of known frequency, The potential drop across the points and earth return is Indicated on the cathode 
ray oscillograph. As the bubble passes each point in succession the voltage changes corresponding are 
indicated by a change of amplitude of the A.C. wave on the oscillograph. Traversing the spot in the 
usual manner therefore should give an A.C. record showing a ‘stepped’ appearance, each ‘step’ indicating 
the arrival of the bubble at one of the points. The instant of firing the charge Is Indicated by the 
spot commencing to move when the pressure switch is closed. The time-intervals between the steps are 
known from the knowledge of the A.C. frequency. The preliminary tests of the method indicated, however, 
that the phenomena are not so simpleas was at first supposed. Thus it was found that the bubble on 
arriving at the first ‘point’ instead of increasing the effective resistance of the point actually 
reduced It to a very small value, thereby masking the effect of the progress of the bubbte over the 
succeeding points. There can be no doubt that the interior of the bubble in these early stages of 
expansion is a good electrical conductor, this being due, no doubt, to the intense fonisation due to 
the high temperature of the newly formed gas*. With a little modification, however, to meet such 
practical difficulties, there appears to be no serious reason why the method should not be developed so 
as to be of service in measuring the rate of growth of bubble for large charges. 
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APPENDIX A. 


1. Piezo Electric Constants and Other Properties of Tourmaline 


(a) Chemical Composit ion. 
17 AV 035 9 Fe 0, 2NO >» 2u S10), 68,05, THO. 
(b) Specific Inductive Capacity = 6.75 (A.R.L. measurement) of ‘Black’ Tourmaline. 
(c) Piezo Electric Constants. 
(1) Pressure applied along the electric axis K, = 5.72 x 1078 €,3.u. 
(2) Pressure applied along the optic axis. kp = 0. 
(3) Pressure applied in the 3rd Directione Ky = -0.88 x 107 E.s.u. 
(4) Hydrostatic Pressure. K = Ky Ky ky * -6.6 x 1078 £.5.u, 
and Q = K p A where Q is the charge developed in E.S.U. "p’ is pressure in dynes per 
Sq.in. and A is the area of crysta) free at right angles to electric axis. 
(d) Velocity of Sound in Tourmaline slab. 6000 metres/second (Provisional only) 
(e) Density of Black Tourmaline 3.0 to 3.2 
2, Piezo Electric Constants of Quartz and Rochelle Salt. 
a Quartz 
Ky 6.u5 x 1078 
Ko 0 
ks -6.u5 x 1078 
“Nts ky + Ky + ky 0 


nee 


Rochelle salt responds only to shearing forces and consequently gives no effect on application 


of hydrostatic pressure. 


3- Data Relating to Cathode Ray Oscillograph. 


(a) 


(b) 


Velocity of Cathode Rays. 


v = 5.95 Y v.10" oms/sec. 


where V is the p.d. (in volts) accelerating the cathode rays. 


Voltage Sensitivity of Cathode Ray Oscillograph. 


Deflection§ = 1 A» ( + d) cms. per volt. 
aveod \ (4: 
where | = distance from mid-point of deflecting plates to screen. 


AX = length of deflecting plates. 
d = déstance apart of deflecting plates. 


(C) Meeetane 


According to "Tables of Physteal Constants" published by French Physical Society, the 
composition Is very vartable. 
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(c) Magnetic Sensitivity of Cathode Ray Oscillograph, 
Deflection 8¢ = 0,3 4 A(L+ . ) cms, 
where H = strength of magnetic. fietd. 


A = length of magnetic field traversed by the cathode rays. 
and aL = distance from mid-point of magnet to screen, 


4- Capacities of Cable, p.e. Gauges etc. 
k 


(a) Single Core cable in sea (Pattern 1389A as Cc sk 
used with p.e. gauges) 4.50 log = cms. 
1 R 


k = 2.5 for rubber 


Capacity = 0,00%2 ufd. per 100 feet 


(b) pee. gauge (7 inches diameter) capacity 0.00035 yfd. (approx.) 

(c) Oscillograph Deflecting Plates Capacity a few cms, only. 

(d) Aerial Wire (Cs ) d = diameter of wire 
a 109e— eoSe h = height above earth 


= length cms. 
5. Velocity of Explosion Waves* (Smal) Amplitude) 
Vv, = 4756 + 13.8t = 0.12t? feet/second. 
where t is the temperature of the sea in degrees Centigrade and the salinity of the sea is 35%. 


6, Some Properties of Explosives + 


(a) Rates of Detonation. 


—— 
| Explosive Density of Velocity 
Loading metres/sec. 


T.N.T. 

Gun cotton (dry) 
Amato? 40/60 
Mercury Fulminate 


(b) Heat and Gases on Detonation. 


Calories per gram Total gases c.c. 
Explosive water gaseous per gram. 


T.N.T. (A= 4.3) 
Gun cotton 
Amato) 40/60 (A = 1.3) 


Proc. Roy Soc. A. 


See Journal Chem. Soc. Vol. 119 p.1. Sir R. Robertson. Part t,, £921. 


529 
- 33 - 
APPENDIX B. 


NOTE ON 1'HE EFFECT Of A THIN STEEL PLATE IN THE 
PATH OF AN UNDERWATER EXPLOSION WAVE es 


S, Butterworth 


\f a small amplitude wave of any type passes normally through the surface of separation of two 
media having densitles p, P2 and characteristic velocities of propagation Cy, C, then at the surface 
of separation there will be produced a reflected and transmitted wave whose pressure amplitudes are 
obtained from that of the incident wave by multiplying by co-efficients r, S such that 


[Pil Pagal eS Oe 
P22 Wey) 


ands = i1¢+rfr 


r = 


In these formulae the incident wave is suppose to be travelling in the medium of density Py If the 
direction of trave} be reversed the reflection and transmission coefficients are ry S; where 
qe Gp S; s i+ ry In the case where the media are water and stee) we find r = 0.932, 


If this result be applied to the case of a thin steel plate placed normally in the path of an 
explosion wave we find that tne emerging wave is built up of a succession of waves each of the same 
form as the incident wave but delayed in time by internal to and fro motion between the surfaces of the 
plate. Thus the first wave emerging is of amplitude ss, (the incident wave being assumed unity) and is 
followed by similar waves of amplitudes ss, My, SS} eo SSy Ler see at intervals 27, UT, 67 where T is 
the time taken to pass across the plate with the velocity appropriate to steel. 


If, as is approximately the case for an explosion wave, we assume the incident wave to be 
represented by € (when the time t*) and zero when t negative the emerging wave is given by 


t or ur or 1 Pa et x2 
Sa Ker Wee le opie teres te ieee) be cog eT 
1 1 1 1 1 re 
1- tte 


when t lies between 2(n-1) T and 2n7. Thus the merging wave varies by jerks at intervals 2 7. 
!f these intervals are short as is the case with thin plates we can obtain the general course of the 
wave with time by putting 


ane = ty mae = ev 


and the emerging wave is then 0 (Gus ef) 


ss 
where p = a Be t lode t 
| 


The maximum pressure in the emergent wave occurs when t = log 8 and has the value 


Bee tte (G - 1)/ B/R- 1, 1m illustration suppose the incident’ wave to fall to 1/€ in 107? second 
(as is approximately the case for a wave developed by a 500 Ib, charge of T.N.T.) and let the steel 
Plate considered be 1 cm. in ERIGKHGSS: Then since the unit of time is 10°” second and the velocity 
of propagation in steel is 5 x 10° cm. per second, T= 0.002 and with ry = 0.932, B= 36, 6 = 1 giving 
Prax = 9-877 and t = 0.102 x 107? second. 

The theory given above is of course only accurately applicable to waves of smal) amplitude. it 
has, however, been used In the text to estimate the effect of the mine-case in altering the form of the 
pressure wave. Since in these applications the alteration is small for a small amplitude wave, it may 
be fairly safely concluded that the effects for large amplitudes waves will also be small. 


For simplicity the unit of time is chosen to be the time taken for the wave to 
fall to i/e. 
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CORRECTION ON PIEZO-ELECTRIC RECORDS DUE TO 
FINITE SIZ. 


S, Butterworth 


It is assumed that the pressure recorded at any instant is the mean pressure over the surface 
of the gauge. 


The gauge is Edge On to the wave and the law for Pressure-Space is taken to be 


pe pet 


Fy P(s—pxe dy? x? - 2 x sp0cc08) (1) 


Let the radius of the gauge be a and consloer the moment when the wave front has reached the position 
AB in Figure 1 (Appendix C).° Let A 8B subtend on angle 2q@ at the centre of the gauge and let a narrow 
strip C D of width 5 x paralle) to A B subtend on angle 26, Then the contribution of C D to the total 
pressure is 

p.cd. 8x = -2a* p sin?O8 0 (2) 


since CD = 2a sin@, x 3 a (cos@-cos¢), 8k =-asinO sO 


Integrating from x = 0,to x=c [a (1~- cos d)) that is from@ = dp to = 0, we have for the integral 
pressure 2a Pp p sin” 6 d@ where p is expressed in terms of @ by replacing 


x by a (cos @ - cos d) in (1) 


Making this substitution in the series in (1), integrating term by term and dividing by 7 a? we find 
for the mean pressure 


Pm = PiA+aB+ par Ct ......) (3) 


where A, B, C are functions of m viz:- 


Ae 4 G- 4d sin 2) 
B = = {es P-t sin 2) -3 sin? o} (4) 
¢ = 4 B cos* db (D- 4 sin 2¢) - 5 cosh sin? p+ d - & sin “@)} 


The formulae give the following values for A, B, C. 


op. A 8 c £ = (1-cosd 

279 0° 0 0 0 0 

30° 0,029 0,001 0.00 0 .134 

60° 0.196 0.040 0,04 0.500 

90° 0.500 0. 212 0.06 1.000 

120° 0.805 0.580 0.24 1.500 

150° 0.971 0.866 0.50 1.866 

180° 1.000 1.000 0.62 2.000 


By means of this table and equation (3), the course of the pressure-t ime curve recorded by the gauge 
up to the moment the wave fromt has traversed the gauge diameter may be obtained for any given values 


of yt and a, for if tig is the time to traverse the gauge diameter and t the time to traverse the distance 
thr. = c/2a, 
° 


ThuS cevece 
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Thus, when pa = 0,2 we obtain the following results 


ba = 0.2 


t/T, = c/2a = 0.067 0.250 0.500 0.750 0.933 1.000 
ur 

Pm/P = 0.029 0.188 0.460 0.707 0.818 0.825 
i 


Ouring this interval the recorded pressure is rising practically the whole time. When t exceeds To 
the recorded pressure must necessarily fal? and will follow the law 


Pn = Pm e™ {t - 7) . (5) 


where Pm. is the value of Pm when t = Ue and m gives the rate of decay of the true pressure with time, 
As a first approximation we may take the maximum pressure as occurring at t = T,and as given by the formyla 


roo = P(1— ua + 0.02 we a’) (6) 


We will now obtain a more accurate expression for P since the time to reach the maximum is slightly 
less than 7+ Assuming the maximum to occur when @ differs from 7 by 2 small angle put P= 7-wW 
in equations (4) and expand in ascending powers of yz then 


3 3 
ete Ga eer 4 te leigsi-al VO OOet: 
Z¥ v7] 


BOF Sr Wigan ene to order p * (7) 
Ch a eee to order w 

Bot ceeees 

Frey Bea bt 0 
D (coefficient of u° a~) = mq to order unity, 


Substituting in (3) 
Pm = See ee a ee Toe (8) 
in the neighbourhood of ¢= 7 


To find the maximum, differentiate with respect to w and equate to zero. The maximum occurs when 
ye Fa and has the value 


2 
. 5a 2ne ze tors a7 
Pray come fem tautaty piesa +t Pp 2 ssa} (9) 
and occurs at a time T such that 
Tae nw 2.2 
es Sage a (10) 


Equation (9) gives the following values for Trax and T 


pa 0 0.05 0.10 0.15 0,20 0.25 0.30 0.35 0.40 


Pcie 0.951 0.906 0.864 0.826 0.791 0.759 0.731 0.708 
SN ee ee 
TIT a 0.998 0,994 0.986 0.976 0.962 0.946 0926 0.90% 
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(a) Time Scale 
— 1000 per/sec. 


NW 


(c) Time Scale 
—~ 10,000 per/sec. 


(e) Pressure Calibration 
A,C. Method. 


cs 


(g) Pressure Calibration 
Inductive Method. 


(Note also voltage 
calibration) 


Sheet I 


(b) Time Scale 
—~ 2000 per/sec. 


(d) Time Scale 
~~ 10,000 per/sec. 


(f) Pressure Calibration 
Rotating Potentiometer 
method, 


(h) Pressure Calibration 
Inductive Method, 


(a) Variation of P with 
distance 185 lbs. G.C. 
Gauges A.D. & C. at 20, 
40 and 60 feet. 

(Note surface reflec- 
tions, ) 


(e) Record showing electrical 
leakage. 
183 lbs. G.C. charge. 
(Note surface reflections). 


Sheet II 


(b) Variation of P withD 


400 lbs. T.N.T. charge 
Gauges at 15, 40 and 60 feet 
X, EB, and X, 

(Note surface and bottom 
reflections). 


} 
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(g) Good insulation 
185 lbs. G.C. charge 
at 20 feet. 

3.0 qas.e = 001 seq 
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(a) 185 1b. G.C. charge at 
143 ft. 8 cms. = .001 sec, 
(Note pairs of dots on 


rising pressure line). 


Sheet 


(b) 


185 lbs. G.C. at 13 feet. 
8 ams. = .001 second 
(Note dots on rising 
press). 


(a) edSaadibee Gs. 
Strip and Circular (7") 
gauges Hroadside-on at 
15* and 20 feet. 
Empty primer tin 2 feet 
above charge, 
(Note (i) dotted rise 
of pressure 
(ii) irregularities due 
to empty primer tin). 


es 


100 lbs. T.N.T. (Block 
Filled), 

Strip Broadside 36 ft. 
Oar Broadside 42 ft. 
1.35 ams. = 2001 sec. 
Record on Oscillograph A. 


(a) 


PEC eC SS] 


(x) 185 lbs. G.C. 
Two circular 7" gauges 
Edge-on at 15' and 
Broadside on at 20 feet 
respectively. 


(Note H.F. Dots on rising 
pressure). 


tees | 


(>) 100 lbs. T.N.T. (Block 
Filled). 


Oar Edge-on 36 ft. 


1.3 ams. = .001 sec, 


Record on Oscillograph B. 


( (a) and (b) are records of same shot). 


(g) Effect of Air Cavity (h) 
near charge, 185 lbs G.C. 
Strip Broadside 15 ft. 
Oar Broadside 20 ft. 
(Note effect of empty 2 
gall. petrol tin at 2 ft. 
abcve charge). 


w 
Ral 


185 lbs. G.C. 

Oar Broadside 15 ft. 
Strip Broadside 20 ft, 
(The charge in this case 
was lashed to a spar of 

soft wood). 


IM 


SURFACE AND BOTTOM REFLECTIONS 


(c) 24 Ibs. GC. at 15 ft. (d) 2t lbs. G.C. at 15 ft. 
Charge and gauge to surface Charge and gauge to surface 
= Palleinte = 21 ft. 

Charge and gauge to bottam Charge and gauge to bottom 
= 21 ft. Siete 

Both surface and bettom . Note large amplitude bottan 
reflections shown clearly. reflection, 


(g) 185 lbs. G.C. at 20 ft. (h) 250 lbs. T.N.T. at 47 ft 
Depth of charge and from p.e. gauge. The 
gauge 15 ft. latter hung 14 ft. from 
0.5 om. = .001 sec hull of ship ("corcar). 
Note surface reflection. Note marked hull reflection and 


slight tension developed, 
(Upper part of main peak 
accidentally out off in 
original record), 


VELOCITY RECORDS 


(a) Time Scale 2,000 per sec, (a) Repeat of (a). ~ 
with large number of 
harmonies. 
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RECORDS OF SPECIAL T.N.T. CHARGES 


U 
Kee i KY 
‘SS >> >> > > > > > > > 
Sr CH SS Se. 


Sire 


2 Osameler, 


Econ? 


on Pos 


“¢ 
as &, 


Age. 
07 time bo Traverse Gang 


PE Goug 
£ 


PE.G es. Curve ft: Correckéor of 


537 


538 


Aa. 


Eborute 


Brass tule 


iors > )\ 


a, 


C cover” 


he 


saris 
wurolow. 


Light 


SH 


555 


a ee 


_Lheor (le remove camera, 


Pinkole tube 


wee 


= RC 

E j= SSS ee 

. =_— ee eee oF 5 " 
7S) a as 


Tourmaline 


SSS 


CS 


Op RORON 


541 


542 


Fig.4.c¢ 


7" 


Circular Site tarahio 5" Cireular 


TYPES OF PIEZO ELECTRIC GAUGE 


43 


= 5 
PRESSURE SWITCH Fig. 6a. 
Scale ~ full Size. 


= 


rk 


SS 


SS 


WIM 


Lik 


LLL 
Fee voonn avon: 


i 
Esonite Storren — 


TO FACILITATE ENTRY 
OF ComPounND 


£@oniTe Siorreo 


544 


1000 ha Charge 


Primer A. © Letmer B. © _Primer C, @ 
8s = is ee ery 
— ee eS ee eS SS 

[rimers ns ips 1 he AL Charges._ 
nd leciilenit Ale Steerect elle ln 


164 ths Charge Cause @ De pth Charye 


Gur - coller A divsnto! 30 the 


OYlindrindt 


545 


KG. 16 Qh. 


Meacimun JPLLSEULE weight Of __ 
charge _ 


(Pizze Lilectric Gauge ) 


@ -EN.T. Cuarces_ 


& :_Amatror 


x =«_GUN CoTTON 


log P . -38 Log W+ 408, 


MAX 


546 


Ley. 16.6, 


MMoactmurre J2LESSULE & Weg, 
_ Y_chorge_ 


xX = T.N.T. CHARGES. 


© Gun Cotton. 


Loc P = -38 10g W + 4-08. 


19 


Charge 


© T.N.T-. Currces 
x GuN CoTTON 


@& Amraror 


Log YV 
Log M = -65 Log WwW + “26 


548 


Ley. 18. 


Linergy _g Metght Of _ 


Chorges. 
ew) 
ro f= —=(2) 
ae s-—@ 
te ‘ons 
(a) 6-0 : Z2 == 6) 


_© = T.N.T. CHarces 
X = Gun Corron 


@ = Amaror 


A MEASUREMENT OF THE PRESSURE CLOSE TO 
AN EXPLOSIVE UNDER WATER 


G.I. Taylor and R. M. Davies 
Cambridge University 


British Contribution 


June 1944 


i. 


2. 


549 


A MEASUREMENT OF THE PRESSURE CLOSE 
___ TO AN EXPLOSIVE UNDER WATER 


G. I. Taylor and R. M. Davies 
The Engineering Laborator Cambridge. 


June 1944 


* * * * ™ * * 


Summary 


This Report describes an experiment in which an electrical modification of the Hopkinson 
pressure bar was used to measure the pressure developed by a charge of 1.765 1b. T.N.T., primed 
with 0,05 1b. C.E., and exploded under water with the pressure end of the bar at a distance of 
7.79 inches from the centre of the charge. 


The record obtained in the experiment can be interpreted as giving an intial pressure of 
about 17 tons/sq. in, which remains constant for about 0,08 to 0,10 milliseconds; for the conditions 
of the experiment, the calculations of Penney and Dasgupta give an initial pressure 6f about 20 tons/ 
sq. in., dropping to half-value in about 0 07 milliseconds, The agreement between the theory and 
our experiment is not good, it must, however, be remembered that the theoretical result is fora 
spherical detonation wave, whereas the experiment was carried out with a cylindrical charge; at the 
same time, difficulties arise in calculating the pressure from the oscillogram on account of the 
disturbing effects of dispersion in the pressure bar and of the norma) pressure acting on its 
cylindrical surface when the shock wave is propagated outwards. 


Introduction. 


In two recent official reports we have described an electrical modification of the Hopkinson 
pressure bar which can be used to measure high transient pressures; the apparatus has been adapted 
to measure the pressure near a charge exploded under water and the present report gives the results 
of an experiment carried out with this apparatus in Portsmouth dockyard in February, 1942. The 
oscil logram which was obtained in the course of the experiment showed a number of unexpected features, 
some of which might have been caused by the dispersion of the elastic waves'in the pressure bar; the 
publication of the results of the experiment was therefore postponed until the theoretical study of 
the propagation of elastic waves in bars had been completed, 


Description of the Apparatus, 


The general arrangement of the pressure bar, etc., is shown schematically in Figure 1. The 
pressure bar was made froma bar of tool steel, 14 inches diameter and 22 feet long; the duration 
of the longest pulse which can be recorded by a bar of this length without overlapping due to reflected 
pulses is about 24 mibliseconds, 


The bar was supported vertically in a girder frame attached to a crane, so that in the 
experiment, the bar was immersed to a depth of about 15 feet; the total depth of water was about 


30 feet. 


It is Important to support the bar with rubber or some similar material, so as to insulate 
the bar as far as elastic waves @re concerned, For this purpose, two horizontal steel shelves, 
about 3 feet apart in a vertical direction, were provided in the girder frame; a hole 12 inches 
diameter was drilled in the lower shelf and a hole 2a inches diameter in the upper shelf. a short 
length of rubber hose-pipe of suitable diameter was clamped to the bar by a "jubilee* wormdrive hose 


CLIP accove 


550 


3: 


-2- 


ctip and the bar was inserted in the frame so that the lower surface of the hose-pipe rested on the 
lower shelf when the arrangement was vertical. The bar was adjusted centrally relative to the hole 
in the lower plate, so as to give an all-round clearance of 4 inch, and with the bar in this position,. 
the gap between the bar and the hole in the upper shelf was packed with strips of sheet rubber so as 
to prevent lateral motion of the bar. 


The ring switch, used to trigger the sweep of the oscillograph spots, was of the type 
previously described; it was situated a few inches above the lower shelf in the girder frame. The 
sweep circuit was adjusted so that the displacement of the measuring end of the bar was recorded on 
the return trace. 


The bar condenser unit was a Cylindrical unit measuring the longitudinal displacement of fhe 
end of the bar. The lccating tube of the unit was an easy sliding fit on the pressure bar, and the 
unit was suspended from the girder frame by three adjustable weak springs as shown in Figure 1; 
these arrangements, together with the rubber cylinders supporting the insulated cylinder of the unit, 
ensured that the latter remained at rest during the upward motion of the measuring end of the pressure 
bar due to the explosion. The girder frame was covered with a wooden box (not shown in Figure 1) 
which protected the apparatus from damage by water. 


The charge consisted of 1.765 1b. of T.N.T., together with 0.79 oz. C.£. primer, contained in 
a cylindrical charge case of mild steel plate, inch thick. The charge case was suspended from 
lugs attached to the lower end of the girder frame by spun yarn stings, approximately = inch diameter, 


16 
the distance between the lower end of the bar and the upper surface of the charge case being e inches 


“jn air. When the bar was lowered into the water, the spun yarn contracted and a separate experiment 


showed that the contraction under the conditions of this experiment was 1 mm. per foot length of spun 
yarn; the contraction in a length of 15 foot was thus 1.5 cm, = 0.59 inches, so that the true 
distance between the pressure end of the bar and the upper surface of the charge case was 6.04 inches. 


Experimental Results. 


The oscillogram of the p.d. developed across the input terminals of the amplifier in the 
experiment is shown in the lower trace in Figure 2; the upper trace in this figure was produced by 
a timing wave of period 0.0525 milliseconds, The analysis of the oscillogram of Figure 2 is given 
in curve (A) of Figure 3, where the displacement & of the measuring end of the bar is plotted as 
ordinate, and time t, reckoned from the arrival of the stress pulse at this end, is taken as abscissa; 
the values of é and t calculated from the readings of the measuring microscope are indicated by dots 
in Figure 3. 


Assuming that dispersion effects in the bar are negligible and that a uniform pressure P is 
applied over the lower plane surface of the bar, the cylindrical surface being free from stress, 
the value of P corresponding to the point (t, &) in Figure 3 is given by equation 


Pe ace maton Ole Le ate, Maant etex'. aeeos Mere (3.4) 


where ) is the density of the material of the pressure bar c is the velocity of extensional waves of 
infinite wavelength in the bar and& is the slope of the (€, t) curve at the pdint considered. since 
the values of 0 and ¢ were not determined for the particular bar used in this experiment, the value 
of pc (4.10 x 10° gm./sqecm.sec.), found in earlier experiments for the same type of steel, has been 
adopted for calculating P from the (€, t) curve. 


Figure 3 curve (A), shows that, after an initial curved portion, the €, t) curve is sensibly 
linear over the region t = 0,035 milliseconds to t = 0,143 milliseconds. {f this Vifear portion 
is produced backwards to cut the t — axis, the length of the intercept on this axis corresponds to 
about 0.024 milliseconds. tt can be shown that when the length of this intercept is not zero, the 
finite length can be due to three causes:— (1) the finite time taken by the applied pressure to rise 
from zero to a finite value, (2) the distortion of the pressure pulse due to dispersion in the bar, 
(3) the distortion of the p.d. developed across the bar condenser unit, due to imperfections in the 


amplifier seeeee 
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amplifier. Since the length of the intercept caused by imperfections in the amplifier used in these 
experiments is of the order of 0.4 microseconds, i.e. 0.000% milliseconds, it is clearly legitimate 
to neglect the effect of distortion in the amplifier, The length of the intercept caused vy distortion 
in the bar can be estimated and calculations show that the approximately linear portion of the 
(k'é/e., t) curve for bar B, if produced backwards, will cut the t - axis at t = +3 microseconds 
approximately. Since the ordinate of this curve begins to differ from zero at about t = —- 20 
microseconds, the length of the intercept is about 23 microseconds = 0,023 milliseconds, which is of 
the same order as that actually found here in Figure 3. tt should be remembered that the errors in 
the theory on which the calculations are based are likely to be greatest in the neighbourhood of 

t= 0; it is nevertheless clear that the initial curvature of the curve of Figure 3 may be caused by 
dispersion in the pressure bar and that it is difficult to decide from experiments with a bar of this 
length anc diameter, whether the applied pressure dces or does not rise instantaneously from zera to 
a finite value, 


Considering next the portion of the (€, t) curve of Figure 3 lying between t = 0,035 milliseconds 
and t = 0,103 milliseconds, the equation to the straight line of closest fit drawn through the 
experimental points Is found, by Awbery's method", to be 


Go 1. 3556t— 00328) ise ieisiel wulsisie at asisie (S55) a (citliny cms), ta innmiMiiseconds)s 


The curve shiwn in Figure 3 has been drawn using this equation between the limits of t for which it 
applies and, on the scale of this figure, it is worth noticing that, apart from the point at 
t = 0.111 milliseconds, the scatter of the experimental points around the straight line is small. 


From equation (3.5), it follows that, over the linear portion of Figure 3, ¢ = 1.356 x 
10? cm./sec., and hence, from equation (3.4), 


Sy 1.356 x 103 = 2.780 x 10° dynes/sq.cm. 


as) 
1] 


2.05 x 10 


2.780 x 10° dynes/sq.cm. = 18.01 tons/sq.in. 
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When t exceeds 0,143 milliseconds, the (€, t) curve shows a maximum when t = 0,164 milliseconds, 
followed by a minimum when t = 0 225 milliseconds, and a gradual, irregular rise which extends as far 
as t = 0.46 milliseconds; finally, this rise is followed by a series of irregular peaks. 


The maximum and the minimum in the region extending from t = 0.164 to t = 0,225 milliseconds, 
are probably due to dispersion effects in the bar, associated with a decrease in the applied pressure. 
whilst it is true that the effect only becomes prominent with a parallel plate condenser unit if the 
applied pressure undergoes very sudden variation, it must be remembered that the (response frequency) 
curves for a cylindrical condenser unit show that this type of unit magnifies and reverses the signs 
of the high frequency components in a pulse, relative to the low frequency components. It follows 
that dispersion effects will show up more prominently in a record taken with a cylindrical condenser 
unit than in one taken with a parallel plate unit. For these reasons, it is difficult to make any 
quantitative deductions from the (€, t) curve when t exceeds 0.14 milliseconds, 


The periods of the small oscillations superposed on the record when t exceeds 0,225 mill tseconds 
are of the order which one would expect from considerations of the propagation of a pulse consisting 4 
of extensional waves, on group velocity theory. This is shown by the agreement between these 
periods and the periods of the dominant groups which have been calculated, and which are represented 
to scale in Figure 3 by the lengths of the small sine-curves, C, placed at intervals of 0.05 milliseconds, 
As to the series of irregular peaks which occur when t exceeds 0.46 milliseconds, it was once thought 
that they might be due to flexural or transverse vibrations of the pressure bar, caused for example 
by an asymmetry of the charge relative to the pressure end of the bar; the investigatian of the 
propagation of a pulse of flexural vibrations #n a cylindrical bar, given in the appendix, shows 
however, that the astest possible group of this type will not reach the measuring end of the bar 
within the time covered by the record of Figure 3. jt may be that the peaks in question are caused 
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by the impact of fragments of the charge case against the pressure end of the bar. 


Discussion of the results and compartson with theory. 


The results of the experiment within the limits t = 0.035 and t = 0.143 milliseconds can be 
compared with previous calculations of Penney and of Penney and Dasgupta. The Calculations given 
relate to a spherical charge of T,N.T. of radius 50 cm, packed to a density of 1.5 gm./c.c.; with 
this value for the density of T.N.T., the volume of our charge is 548.8 c.c , whilst the internal 
volume of the charge case used in this experiment is about 550 c.c. These two values of the volume 
of the charge are in good agreement and the radius of a sphere of volume 548,8 C.c. i$ 5.08 cm = 
2 inches; this sphere is shown in section in Figure 1 by the circle drawn in dotted lines with Its 
centre at the centre of the charge case. The ratio of the radii of the charge used in the experiment 
and in Penney's calculation is 10.16; when comparing the results of the experiment with the 
calculation, it will be sufficiently accurate to take this ratio to be 10,00, since the errors in the 
experiment and in the calculation both exceed 1.6%. 


Let F, and v be the values of a pressure and a velocity at time t* (say) reckoned from the 
beginning of an explosion and at a distance r (say) from the centre of the charge when the radius i 
(say) of the charge is 50 cm.; it follows from the similarity relationship that if ro = 5 cm, the 
pressure and the velocity will have the values Py and v when the time is t'/10 and the distance is 
t/10. 


Using this relationship, the curves shown in Figure u, relating to ro = 5 cm, have been 
calculated from the data given elsewhere. In this diagram, time t’, reckoned from the instant of 
detonatlon is plotted as abscissa, and distance r from the centre of the Charge as ordinate. The 
horizontal straight lines of ordinates 5.08 cm. and 19.79 cm. represent respectively the surface of the 
charge, assumed spherical, and the pressure end of the bar. The curve labelled "shock wave" gives 
the relationship between time t' and the distance r of the shock wave surface from the centre ef the 
Charge. This curve has been calculated from the values of the shock wave velocity U given by Penney 
and Dasgupta, the value of the shock wave pressure Py (say) corresponding to a given value of r being 
calculated from the equation 


Ph = ¥6r, eto (P, in TONSAINSS) Ie Meise: tees, eee ee (4,1) 


iP r 
The curve labelled "|Interface" in Figure 4 shows the relationship between time t’ and the distance, 
from the origin, of the interfate separating the gas bubble and the water; the data for this curve 
is taken from Penney's calculations. 


Figure 4 shows that the shock wave arrives at the pressure end of the bar when t' is 
approximately 0.065 milliseconds; the corresponding value of Py Calcylated from equation (4.1) is 
19.7 tons/sq.in. The time of arrival of the bubble at the pressure end of the bar cannot be 
Calculated with any degree of accuracy since the data available does not extend beyond t' = 0.130 
millisecond, and as t' increases the radial velocity of the interface decreases. if, however, we 
assume that the radial velocity of the interface remains unchanged at the value (245 m./sec.) 
corresponding to t* = 0.130 milliseconds, then the bubble would reach the pressure end of the bar 
at time t' = 0,49 milliseconds. 


The subsidiary curves (1) ... (4) of Figure 4 show the distribution of pressure over the 
lower partion of the bar when the shock wave has travelled different distances from the pressure 
end; curve (1), for example, relates to time t' = 0.085 milliseconds, and the pressures (in tons/ 
sq-in.) at the different points on the bar at this instant are represented by the horizontal 
distances between the curve and the vertical line through 0, Curves (1), (2) and (3) have been 
derived from the last two curves in Figure 7. Curve (4) has been extrapolated from curve (3), 
assuming that the shock wave pressure is given by equation (4.1) and that the pressure behind the 
shock wave falls off according to the ordinary theory of sound. The curves (1) ... (%) show that 
as t* increases from t' = 0,065 millisecond, the pressure distribution along the bar undergoes 
considerable variations. when t' = 0.065 milliseco d, the cylindrical surface of the bar is free 
from stress whilst the plane end-surface facing the charge is subjected to a normal pressure of 
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19.7 tons/sq. in. On the other hand, when t* = 0,186 millisecond, the cylindrical surface of the bar 
is subjected to a normal pressure, which varies from 7.4 tons/sq.in, at the shock wave front to about 
2.1 tons/sq.in. at a distance of 3.2 cm. from the pressure end of the bar; the plane end surface of 
the bar is subjected to a normal pressure of about 1.6 tons/sq. in. 


Thus, after the arrival of the shock wave at the measuring end of the bar, a portion of the 
cylindrical surface of the bar is stressed normally, the length of the stressed portion increases 
non—linearly with time, and the value of the pressure at any point in this part of the bar decreases 
as time increases; in addition, the plane end surface of the bar is subjected to a normal pressure 
which is less than the shock-wave pressure and which decreases as time increases. in these 
circumstances, equation (3.4) giving the applied pressure in terms of the velocity of the measuring 
end of the bar, ceases to be true, and it is difficult to derive the relationship which wil? hold 
between the two quantities under the actual conditions of the experiment. |t is, however, possible 
to investigate the simple case of a cylindrical pressure bar, subjected to a constant, uniform 
hydrostatic pressure along a portion of its length, assuming that the length of the stressed portion 
increases uniformly with time. 


In Figure 5 let Ox represent the axis of a cylindrical pressure bar, the origin 0 being taken 
at the pressure end of the bar. we shall assume that the bar is sufficiently long to avoid overlapping 
of direct and reflected pulses, and that the radius of the bar is sufficiently smal} to enable dispersion 
effects to be neglected, Suppose that the pressure on the bar is initially zero and that a region of 
uniform hydrostatic pressure P, moves with a uniform velocity U in the pdsitive direction of the 
x — axis; let the boundary between this region and the region where the preesure is zero, i.e. the 
shock wave front in the experiment, arrive at 0 at time t' = 0. Exaggerating the changes in the 
radius of the bar, the state of affairs at time t' may be represented diagramatically by Figure 5, 
where the shock wave front has reached the point A (OA = Ut'), whilst the front of the stress pulse 
in the bar, which starts from 0 at time t" = 0, has reached the point D (0D = cot*). The bar thus 
consists of three regions, — the region of uniform hydrcstatic pressure, P,- region (1), say — the 
region of the stress pulse, in which the bar is strained in the direction ox, the cylindrica) surface 
being free from stress— region (2), say—and finally, the undisturbed region ~region (3), say, 


" 


cet u,, u = the particle velocities in regions (1) and (2) 
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tne pressure (in the direction ox) in region (2), 


Ay, A, A, = the area of cross-section of the bar in regions (1), (2), (3) respectively. 


Py Pr Po the density of the material of the bar in regions (1), (2), (3) respectively. 
It follows that: 
P = pc_u pons adic: sotGe “Gone idbo, toon (4, 2) 

|f we superpose a velocity U in the negative direction of Ox on the bar, the boundary BC is 
Drought to rest and the particle velocities in regions (1) and (2) become (u - uy) and (U = u) 
respectively. 

Under these conditions, conservation of mass at the boundary BC gives 

PyA, (U- u,) = A (U = u) oboe cd Yydoor acd (4.3); 


conservation of momentum at this boundary gives 


Pia, - PA = pA (U = u) (u, - 1) PsA, (U - u,) (u, - Wh) Gor. ond (4.4). 
In order to find the relationship Detween P, Pye U and coy it is necessary to eliminate 
Uys Pr Py and Ay from equations (U.3) and (4.4). For this purpose, consider a portion of the 


bar in the unstrained state (region (3) of Figure 5) of length Van radius fe and cross-sectional 
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area Aoe Let 1 be the length of this portion, r the radius and a the cross-sectional area when 
it is subjected to a longitudinal compressive stress P, the cylindrica) surface being free from stress. 


tf o be Poisson's ratio for the material of the bar, then 


P r 
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The quantities P/E, OP/E and similar quantities are strains which we assume to be sufficiently 
small to allow squares and higher powers to be neglected. It follows that 
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f 
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and, from the conservation of mass, 
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Next Suppose that the compressive stress P is removed and that a uniform hydrostatic pressure, 


Py is applied to the portion of the bar, and that its length, radius and cross-sectional area become 
1 


1" rs and Ay respectively. we now have 
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from equations (4.5) and (4.6). 


Neglecting squares and higher orders of the smal) quantities P/E... u,/U, u/U, equation 
(4.7) becomes 


ea gia [p-P, (y - yon) mets tice Le SCLLLONG (4.8) 


From equation (4,4) 
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from equations (4.5a), (4.6a) and (4.5). 


To the first order of small quantities, equation (4,9) becomes 


no tye bt Rad ie siehenbces Winer Mette "Se (4.10), 
PY 


and finally, from equations (%.8) and (4.10), remembering that of = E/Py in the present notation, 
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't follows from equation (4.2) that P is the pressure derived from the observed displacement 
¢ of the measuring end of the bar, using the procedure described in Section 3; equation (4.11) 
therefore gives the relationship between the ‘applied’ pressure Py and the 'measured' pressure, Pin 
the simple case visualised here. 


The wAlue of the shock wave velocity U is a function of r/Po. According to calculations, 
when rir, = 3.9, corresponding in our case to the pressure end of the bar, U is approximately 1.80 x 
10° cm./sec.; assuming that 0 = 0.29, C, = 5.26 X 10° cm./sec., it follows from equation (¥.11) that 
Py/P = 0.929 so that the appkied pressure corresponding to the maximum measured pressure given at the 
end of section 3 is 0.929 xX 18-01 = 16.73 tons/sq.in. When Gana = 8, Corresponding approximately to 
curve (4) in Figure 4, U = 1.61 x 10° cm./sec.; with this value of U and the previously assumed values 
of a and Cor Pile = 0.944. 


tn this simple case, the maximum difference between the values of P, and P is therefore of the 
order of 7% The conditions in the experiment are much more complex and it is difficult to discuss 
the general case, even though the correction does not appear to be large; hence, in order to compare 
the experimental results with the numerical gata it appears that the best procedure is to assume that 
the relationship (4.11) is correct even when U is variable and the pressure varies along the bar. 
On this hypothesis, the effect of pressure on the cylindrical surface of the bar may be seen from 
Figure 6, where the full-line curve shows the calculated shock wave pressure, Pye according to Penney, 
plotted against time t', reckoned from the instant of arrival of the shock wave at the pressure end of 
the bar. The chain-dotted lines in this diagram shows the variation with t* of the pressure P in the 
stress wave propagated along the bar, assuming that at time t' the lower portion.of the bar (region (1) 
of Figure 5) is subjected to a uniform hydrostatic pressure equal to Pp, and that this region travels 
along the bar with the velocity U of the shock wave front. 


1 


From these values of p, the velocity ¢ of the measuring end of the bar at time t, reckoned from 
the arrival of the stress wave, can be deduced using equation (3.4), and hence, by integration, the 
calculated value of the displavement ¢ of this end of the bar, The relationship between & and t, 
derived in this way, is shown by the brokenm-line curve (8) in Figure 3. 


The reason for the initial curvature of the experimental (¢, t) curve has already been discussed; 
apart from this, it is clear from Figure 3 that the differences between the experimental curve and the 
theoretical curve are ureater than the experimental error, !n particular, the theoretical curve shows 
a gradual but definite decrease of pressure as t increases, whereas the experimental curve is practically 
linear in the region in question, indicating that here the pressure ig constant. 


it is difficult to account for this discrepancy, — it may perhaps be due partly to errors in 
the calculations and to assuming that the charge is spherical whereas it is in fact cylindrical. 
{t may also be due partly to experimental errors, and it would be Interesting to repeat the experiment, 
using a spherical charge and a shorter pressure bar of smaller diameter with a parallel plate condenser 
unit to cut down dispersion effects, and fitted with some form of baffle tube to eliminate the effect 
of pressure on the cylindrical surface of the bar. 


Appendix wseoe, 
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Appendix. The propagation of a pulse of flexural waves in a cylindrical bar. 


If the forces applied to the pressure end of a bar are unsymmetrical with respect to the 
axis of the bar, the forces are equivalent to a longitudina force along the axis, together witha 
couple; the longitudinal force gives rise to a stress pulse composed of longitudinal or extensional 
waves and the couple to a pulse consisting of flexurat or transverse waves. Since a cylindrical 
condenser unit can respond to flexural waves, it is important to find whether an oscillogram, such 
as that shown in Figure 2, is affected by this type of wave, and this appendix deals with the 
propagation of a flexural wave pulse from the standpoint of the method of stationary phase, following 
the lines of the discussion for extensional wave putses. 

The differential equations, which have been used for describing flexural vibrations in a bar, 
fall into two classes, - the exact equations, due to Pochhammer and to Chree, derived from the general 
equations of the theory of elasticity, and the simpler less exact equations, derived in a more 
elementary manner from a consideration of the stresses im the bar. The former have been summarised 
by Love", and-calculations, based on these equations giving the phase velocity of flexural waves for 
different wavelengths, have been published recently by Hudson ¢. 


The simpler equations, and the assumptions on which they are based have been sunmarised by 
Timoshenko %; more recently, a very thorough discussion of the problem has been given by Prescott x. 


Considering a cylindrical bar of radius a, let the axis of the bar (assumed straight when in 
equilibrium) be taken as the axis of x, and let the direction of’ the displacement of the bar in flexural 
or transverse vibration be taken as the axis of y. tt will be assumed that the bar is uniform and 
that the displacements are small. 

Let uy = flexural displacement at time t at a cross-section of abscissa, x. 

p = density of the material of the bar. 
—E = Young's modulus of the materéal of the bar, 
4 = modulus of rigidity of the material of the bar. 


@ = Poisson's ratio of the material of the bar. 


c, =f/= = velocity of extensional waves of infinite wavelength in the bar. 
i) 


c, C, = phase and group velocities respectively of waves of wavelength A 
in the bar. 


kK +25 radius of gyration of the cross=section of the bar about an axis 
through the centre of gravity, perpendicular to the xy ptane. 


R = a nonedimensional constant, dépending on the shape of the cross~ 
section of the bar. (For a circular cross-section, R= 10/9).« 


€ = REfu= 2R (1 +0) 


A, T = wavelength and period of a flexural wave. 


Y = ccvvce 
* A.E.H. Love "Mathematical Theory of Elasticity", art. 201 (uth Ed.) Cambridge (1934). 
@ G.£, Hudson, Phys. Rev., Vol. 63, p.46, (1943). 
*  S. Timoshenko, “Vibration Probiems in Engineering", Arts. 40-43 New York, (1929). 


me Je Prescott, Phil. Mag., Vol. 33, p.703, (1942). 
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The simplest theory of the flexural vibrations of a bar assumes that the displacement of an 
élement of the bar consists solely of translation parallel to oy; the differential equation may be 
written in the form 


4 2 
«2 8 Uy. + 3 We SEO. ce ween ety acee (A. 1) 
Ox ate 


For sinusoidal waves of unit amplitude, uy will be of the form 


2 
& 


use i (yx + wt) acp ASO .ode "ooo 900. 6086 (As 2) 


and, substituting in equation (A-1), it is easy to show that the phase velocity ¢ of sinusoidal 
flexural waves of wave-iength A. is given by the equation 


¢ = sye-K, = To % Noche ed creMiarilemel ccivabd cies ects (A.3) 


The corresponding value of the group velocity, Cg given by the equation 


¢ 
9 c a d (c/c,) 
F  aliatapai der ailliemenctsart Bote Dod | Book. eG (A.4), 
0 cy n d (ala) 
is here 
Cy = 2 = 27 CyalA BBO. SoM) Abo, 86a loud (A.5) 


This theory leads to a result which is physically absurd, namely tiiat a wave-packet consisting 
of waves of infinitely short wave-lengths will be propagated with an infinite velocity; it atso 
follows that a wave-packet consisting of waves of infinitely long wave-lengths will be propagated 
with an infinitesimally smal) velocity. 


When the elements of the oar are considered to undergo rotation (without distortion) in 
addition to lateral displacement, the differential equation (A.1) is modified to the form (due 
apparently to. Rayleigh) ° 


4 4 2 

2b ee eEu ou Ofu 

FS I NE A ir CS ee (A.6) 
x Bx2at 2 at2 


The effect of the rotation of the elements of the bar is represented by the term 


Ox 23 2 


Proceeding as before, it may be shown that the phase and group velocities, derived from 
this equation, are given by 


ic c 1 
° ° 
n Ea ciape ener tee Ae7 
c= H Coie ee a ( ) 
A AS 1+ 02 N2 
Ta* area? 


When = is small, the values of c and c_ given by this equation become equal to those given 
in equation (A, 6); where 5 is large, both c and Cg approach the value cy asymptotically, so that 


A WAVE seeee. 


cord Rayleigh, ("Theory of Sound" Vol. 1, p.294, London (1894). 
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a wave-packet consisting of waves of infinitely short wavelengths will be propagated not with infinite 
velocity but with a velocity equal to the velocity of extensional waves of Infinite wavelength. 


When the shearing, the rotation and the lateral displacements of the elements of the bar are 
taken into account, the differentia) equation takes the form given by Timoshenko 6 and by Prescott 
(loc. cit.) 


atu, tu, au ex2 ay 
oF Pt pat F(t ee) oy + bas al Wale (A.8) 
, x ot ax2at 2 c2 ate 


This equation differs from equation (A.7) by the terms involving th® non-dimensional parameter 
€ as a factor. 


tt can be shown that the phase and group velocities derived from equation (A.8) are given 
by the relationships 


By c2 2 
0 
ome os Met AL "4. € 
ce of 7792 
e, c 1 weet) elie (A.9) 
5 2,2 
sre a cae fh: 1478 (946 -2€ 4 
° ° — ll 
n c? 
° 


For a given value of a/A the first of these equations becomes a quadratic in c4/c2 ; the two roots 
are real, the larger giving a value of ¢ which exceeds cy except in the limiting case where a/A7 ©, 
whilst the smaller gives a value of ¢ which is always less than Coe Tne larger root does not appear 
to have any physical significance under ordinary conditions of experiment (c.f, Prescott, loc. cit.), 
and moreover the exact theory shows that cic, is a single=valued function of a/A; we shall 
therefore ignore this root, and, with this restriction, it follows that the values of cic, and ¢ It, 
given by equation (A.9) reduce to those given by equations (A.3) and (A.5) when a/A is small. When 
a/A. is large, c/c, and cy/c, approach the value 1/ /€ asymototically. 


Assuming that o = 0.29, the variation of c/¢, and c,/c, with a/A. given by equations (4.3), 
(A-5), (A-7) and (A.9) is shown graphically in Figures A.i. and A.2.; the values given by equations 
(a.3) and (A.5) are shown in the broken-Tine curve labelled "Flexural waves - Elementary Theory", 
those given by equation (A.7) in the chaim-dotted curve labelled "Flexural waves — Rayleigh Theory*, 
and those derived from equation (A.9) by the points marked by crosses. These diagrams also show 
the values of c/c. and c Icy deduced from the data given by Hudson; these values are given by the 
curve labelled "Flexural waves (exact theory)" and, for purposes of comparison, the values of c/e, 
and c_/c_, for extensional waves (ist mode, exact theory) have been included in the curves marked 
"Extensional Waves". The curves given in these diagrams show a number of points of interest. 
When a/~ is small, the elementary theory gives the correct result. As a/A increases from zero, 
the values of cic, and c Ic, given by the elementary theory and by the Rayleigh theory are greater 
than those alven by the exact theory. when a/A becomes large, the phase and group velocities become 
inflnite on the elementary theory and equal to c, on the Rayleigh theory, whereas on the exact theory, 
they become equal to Cg, the velocity of the Rayleigh surface waves. One interesting feature of 
the curves is the degree of agreement between the values of cic, and ¢ /c, given by the exact theory 
and by the Timoshenko theory, and even when the error is a maximum, i,e., when a/A is very large, 
the error of the Timoshenko theory is not excessive, since the limiting values of cic, and c Icy 
(when @ = 0.29) are 0.576% on the exact theory and 0.5906 on the Timoshenko theory. This feature of 
the Timoshenko theory justifies its use in dealing with problems, such as the determination of the 
frequency of lateral vibrations of bars, where the exact theory cannot be employed because of its 
complexity. 


FOr wesc 


@ S. Timoshenko, Phil. Mag., Vol. Ui, pe7¥e, (1921) 
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For the purpose of discussing the propagation of a pulse of flexura) vibrations, consider 
a bar which is stressed initially so that the flexural displacement is zero everywhere except at a 
certain cross-section where it is infinite; this cross-section will be taken as the origin of x, 
If the stress is released at time t' = 0, the period T_ of the dominant group in the disturbance at 
a cross-section of abscissa x at time t' can be deduced by group-velocity methods, It is convenient 
to take the non-dimensional ratio t'/4T, as the independent variable and the non-dimensional ratio 
T (S as the dependent variable, ey and aie being equal to the times taken by an extensional wave 
of infinite wave-length to traverse the distances a and x respectively. Since 


T 
p cS t* fo 
eA od Tite) ey PC BOC OcG N  COnenS aoeer As 10 
16 AG 47 tase 
O° fg 


the values of these non-dimensional variables can be derived from the curves of Figures A.1. and A.2. 


The (T /T,» t'/4T,) Curves deduced in this way are shown In Figure A.3. According to the 


elementary theory, ¥,/Ta = Npra?, t/t, ==. ; ‘the (T/T. t'/4T,) curve is thus a parabola 
aa = : 
passing through tne point t'/4T, = 0 and symmetrical about the axis of Th/Ts passing through this 


point. This implies, as has already been pointed out, that wave-packets consisting of infinitely 
short waves arrive at the cross-section of abscissa x at the instant at which the disturbance departs 
from the origin. AS a/A decreases, the values of T/T, and BU Al both increase, and for large 
values of a/A (outside the range of Figure A.3) the curve given by the elementary theory coincides 
with the curves given by the more exact theories. 


According to the curve given by the Rayleigh theory wave=packets consisting of infinitely 
short flexural waves take the same time to travel through a given distance as wave-packets composed 
of infinitely long extensional waves. As T fit increases (or a/A decreases) t'/4T, decreases yntil 
it reaches a minimum value at t'/4T, = 0,92, when T Ts is about 3 and a/A is about 0.8; beyond this 
point t/a, decreases as T/T, increases. Thus, according to this theory, when an infinitely intense 
flexural disturbance initially concentrated at the origin is released, the first components to arrive 
at a given point do so at time t' = 0.92 tof 2 their period is about 31, and their wavelength is about 
1.25a. In the interval between the arrival of these components and time t' = To/2s two groups of 
different wavelengths and period arrive simultaneously at each instant; finally when t* exceeds T,/2 
only one group arrives at a given instant, the period and the wavelength of the aroup increasing as t’ 
increases, 


Considering the results of the exact theory, it is clear that the faster components, originating 
in an infinitely intense disturbance at the origin, arrive at the cross-section of abscissa x at time 
t' = 1.568 T,/2: the period of these components is 5.29 T, and their wavelength is equal to 2.72, 
Between this value of t' and t* = 1,735 To/2 two groups of different wavelengths and periods arrive 
simultaneously at each value of t'; at t' = 1,735 T,/2 the Rayleigh surface waves and waves of period 
17.3 Tie arrive simultaneously. When t' exceeds 1.735 To/2s only one group will arrive at each instant. 


It is clear that the elementary theory and the Rayleigh theory give results which are very wide 
of the truth, and any solutions based on these theories of problems of the action of transient flexural 
stresses on bars are unlikely to be accurate unless it happens that the disturbances are such that 
waves of short-wavelength are unimportant. Again, it is interesting to notice that the results derived 
from the Timoshenko theory are in excellent agreement with those deduced from the exact theory. 


As -far as the present experiment is concerned, the main interest of the curves of Figure A.3. is 
that they show that, on the exact theory, no flexural displacements wil) occur at the cross-section of 
abscissa x until t* > 1,568 T,/2, i.e. t' > 1.568 x/Co; remembering that the record in a given 
experiment begins when extensional displacements of infinite wavelengths arrive at the cross—section, 
ie. when t* = T,/2 = x/Cos it follows that displacements due to flexural waves will not appear on the 
record until a time 0.568 x/c, after the beginning of the record. For the bar used in this experiment, 
X = 670.5 cm, C, = 5.26 x 108 cm. /sec., So that 0.568 x/C, = 0.725 millisecond, which is outside the 
range of time covered by the record. 
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FIG. A.L. 
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FIG. A2. 
GROUP VELOCITY, Cy » OF EXTENSIONAL AND FLEXURAL WAVES 
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Fig. 2. 


Oscillogram of the pulse due to a submarine explosion. 


Pressure bar :- length = 22 ft.; diameter zx 1% inch. 


:- cylindrical type, measuring the longitudinal 


Condenser unit 
displacement of the end of the bar. 


Upper trace :- timing wave of period 0.0525 millisecs. 


Lower trace :- amplified p.d- from condenser unit. 
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Fig.6. 
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INSTRUMENTATION FOR THE MEASUREMENT OF 
UNDERWATER EXPLOSION PRESSURES 


ABSTRACT 

The David Taylor Model Basin, in its efforts to provide instruments 
for the measurement of underwater explosion pressures, has developed three 
pressure gages, two of the piezoelectric and one of the resistance type. The 
construction and operation of the gages are described in detail. 

The most important causes of distortion of a gage signal are ana- 
lyzed, and the measures taken to overcome them are described. In particular 
the mechanical disturbance of a gage cable by an underwater explosion gives 
rise to a spurious signal which is large when ordinary coaxial cables are 
used. An investigation of this effect has resulted in the development of a 
coaxial cable which has many advantages over any other type that was investi- 
gated, and which permits accurate measurements of momentum. 

Several techniques for calibrating the various gages are discussed. 
The best of these methods gives results which agree closely with those ob- 
tained by workers in other laboratories. 

The gages were subjected to explosion tests with charges of about 
one ounce of tetryl, in which pressure-time records were obtained. Only the 
tourmaline gage has been tested with larger charges, of 100 grams or more. 
These tests yield records which exhibit a high degree of reproducibility. 


INTRODUCTION 

When intensive research into the fundamentals of underwater explo- 
sion phenomena was started in the United States less than four years ago, one 
of the first problems encountered was to find a satisfactory gage for measur- 
ing the high-intensity short-duration pressures in the water. 

A number of gages had been developed by previous experimenters in 
this field, some of them mechanical and some electrical, but none of them 
were satisfactory for the new work being undertaken. Mechanical gages such 
as the Hilliar gage (1) (2)* were not fast enough to indicate the rate of 
rise and the peak pressures accurately, and the piezoelectric tourmaline 
crystal gage suggested by Sir J.J. Thomson (3) and used by Keys (4) was, like 
the Hilliar gage, so large that it was suitable only for work with large or 
service charges. 

The rapid progress which had been made in the development of elec- 
tronic instruments in the decade preceding 1940 suggested the use of some 


i Numbers in parentheses indicate references on page 47 of this report. 
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sort of electrical gage with oscillographic recording. Studies made with 
various types of electrical gages demonstrated that, at least for the small 
charges being used in the new series of experiments, the gage had likewise to 
be small in physical dimensions. 

In view of the importance of the project and the necessity for de- 
vising an accurate and satisfactory gage before much real progress could be 
made on the research program, a number of different agencies began work on 
gages and carried it along simultaneously until all were satisfied that the 
desired result had been achieved. This is a case where duplication of effort, 
if it may be called by that name, was not only justifiable but necessary. 

The David Taylor Model Basin was one of the agencies which engaged 
in this program of development. This report has been prepared to give an 
outline of the history of the project and a rather complete description of 
the results as they stand to the time of writing. All of the work in ques- 
tion has been done with electrical gages; two of the final designs are of the 
piezoelectric type and one is of the electrical resistance type. 

For the convenience of the reader, the report is divided into five 
parts, giving first the general specifications for the gages, then in turn 
describing the pickup or sensitive elements and the cables and recording 
channels. The manner of calibrating the gages is described, and the report 
concludes with a description of the performance of the various designs during 
laboratory and field tests. 


PART 1. GENERAL SPECIFICATIONS 

The pressure of a shock wave resulting from the underwater detona- 
tion of a small charge of high explosive reaches its peak value in less than 
a microsecond (1 x 107° second); this peak value may be several thousand 
pounds per square inch. For explosive charges less than 1 pound, the dura- 
tion* of the pressure wave is less than 70 microseconds. The characteristics 
of a typical wave are shown in Figure 1. 

The pickup has to follow the pressure variations occurring in this 
time interval, and the period of its lowest mode of vibration must be small 
compared to the duration. For example, if this period is required to be less 
than 1/10 the duration, then the fundamental frequency of the pickup must ex- 
ceed 1.5 x 10° cycles per second. This in turn means that none of the physi- 
cal dimensions of the pickup may exceed about 1/2 inch.** The frequency 


* the duration is defined as the time required for the pressure to drop to 1/e, or 36.8 per cent of 


its peak amplitude. 


* For example, at the lowest mode a freely suspended steel disk 0.25 inch thick and 0.8 inch in diam— 
eter vibrates at a frequency of approximately 1.5 x 10> cycles per second. 


should in fact be even higher than 
1.5 x 10° cycles per second to pre- 
vent the pickup from overshooting 
the peak pressure. 

The pickup must be free 
of hysteresis and have good mechan- 
ical properties. It must not be 
brittle or have a low tensile 
strength or be soluble in fresh or 
sea water. It must operate without 
permanent deformations and it must 
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Figure 1 - Typical Pressure Record 
from an Underwater Explosion 


This record was obtained by a tourmaline gage 
supplied by the Underwater Explosives Research 


Laboratory at Woods Hole; the charge was 150 


respond linearly to the pressure. grams of tetryl at 3 feet from the gage. 


Finally, some way must 
be provided for transforming the mechanical variations of the pickup dimen- 
sions into electrical variations of voltage so that a record can be obtained 
with a cathode-ray oscillograph. 

Both high=- and low-impedance pickups were developed, to provide a 
check on the validity of the pressure measurements. The two types supplement 
each other, as will be discussed later in greater detail. 


EARLIER PIEZOELECTRIC GAGES 

Before the TMB gages and the manner in which they fulfill these re- 
quirements are described, the background of development should be filled in 
somewhat more completely than was done in the Introduction. As mentioned 
there, Sir J.J. Thomson was probably the first to suggest the use of piezo- 
electricity for the measurement of explosion pressures. An early form of 
piezoelectric manometer was devised by Keys, who used a dozen tourmaline 
crystals mounted in mosaic fashion inside a brass pressure vessel 6 inches in 
diameter. So large a voltage was developed by these crystals that the output 
could be impressed directly on the deflection plates of a cathode-ray oscil- 
lograph; no prior amplification was necessary. 

A more recent and much smaller tourmaline crystal pressure gage was 
devised by Professor E.B. Wilson, Jr., and developed in collaboration with 
Dr. R.H. Cole of the Underwater Explosives Research Laboratory at the Woods 
Hole Oceanographic Institution, Woods Hole, Massachusetts (5). It consists 
of a single tourmaline crystal in the form of a thin plate, with two copper- 
plated faces or electrodes to which the cable leads are soldered. The pickup 
is insulated from the water by a thin protective coating, usually of Bostik 
cement. Typical overall dimensions of the crystal are about 0.6 inch by 0.3 
inch by 0.08 inch. A shielded, rubber-insulated Belden cable connects the 
pickup to the amplifier. 
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Because the crystal is small, the output must be amplified before 
it is fed into a ecathode-ray tube. However, this gage has the advantage that 
it can be used to study explosions of charges smaller than those required 
with the Keys type of gage. 


PART 2. TMB PICKUP ELEMENTS 

Two materials which satisfy all of the specified requirements for a 
high-impedance pickup are quartz and tourmaline crystals. Their piezoelec- 
tric properties are described in detail in References (6) to (14). 

Quartz crystals have been used in the measurement of rapidly chang- 
ing pressures in internal combustion engines (15). More recently the Naval 
Ordnance Laboratory has been developing a quartz indicator for the measure- 
ment of underwater explosion pressures (16). The two types of Taylor Model 
Basin piezoelectric gages use quartz and tourmaline, respectively. 


THE TMB QUARTZ GAGE 

When an "X-cut" plate of quartz* is subjected to a compressional 
force normal to its parallel faces, equal and opposite charges proportional 
to the force appear at these faces. Quartz is not sensitive to isotropic 
pressure and a quartz crystal forming the sensitive element of a pressure 
gage must be housed in a case so that the pressure will act only on the faces 
perpendicular to the electric axis. Quartz plates have been subjected to 
pressures up to 50,000 pounds per square inch in a testing machine, and the 
relationship between charge and pressure has been found to be linear over 
this full range (17). 

The present TMB quartz gage has passed through several stages in 
its evolution. The earliest form had a large crystal and a plastic housing; 
a subsequent model used a double crystal and a brass housing; the gage de- 
scribed in this report is considerably smaller than the previous models and 
is of the single-crystal type. The techniques applied in the construction 
and assembly of a quartz gage at the Taylor Model Basin are described in the 
Appendix. 

An idea of the progressive reduction in size, to obtain a high nat- 
ural frequency of vibration for the quartz-mount system, is presented in Fig- 
ure 2. In its present form the pickup element consists of a cylindrical 
quartz crystal 1/16 inch thick and 1/4 inch in diameter, housed in a brass 
cylindrical mount 7/32 inch high and 1/2 inch in diameter; see Figure 3. A 
brass tube, integral with this cylinder, contains the wire conductor attached 


a plate of quartz is said to be "X-cut" if its plane is perpendicular to an electric axis of the 
crystal. 
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LOTTE 


<— TMB 9078 
Figure 2 - Three Stages in the Evolution of the TMB Quartz Pressure Gage 


A is an early model with plastic mount; 
B is a double-crystal model with brass mount; and 
C is a single-crystal model, shown in greater detail in Figure 3. 
All three of the gages are reproduced here in approximately their natural size. 


to one electrode on the quartz; the other side of the crystal is groundéd to 
the mount. The brass tube is soldered to a long copper tube which serves as 
a cable. 

The sensitivity of the pickup is determined by the area of the crys- 
tal and its total capacitance, the distributed cable capacitance, and any 
lumped capacitance that may be added. The output of the quartz crystal used 
is approximately 
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Figure 3 - Components of the TMB Quartz Piezoelectric Gage 


The brass housing consists of three parts: a "pan" which contains the crystal; a cover; and a brass 
tube which is silver-soldered to the pan. A cylindrical, X-cut quartz crystal is cemented on one side 
to an electrode consisting of a thin copper disk, and on the other to the cover of the brass housing, 
through which it is grounded. The use of a copper disk for the electrode obviates the trouble of 
electroplating. Laterally the crystal is surrounded by an air gap which is required because quartz 
is insensitive to isotropic pressure. It is the need for this air gap which makes a housing necessary. 


aE = KA= 5 x HOG pounds Sea aR inch 
where AQ is the charge produced, in coulombs, 
AP is the pressure applied, in pounds per square inch, 
Kis the piezoelectric constant for quartz, about 
1.03 x 10-1! coulombs per pound, and 
Ais the area of one side of the crystal, in square inches. 


If a capacitance of 5000 micromicrofarads is used with a crystal 
0.05 square inch in area, the voltage sensitivity is 


KA. AV Gi sen0t!® volt = 1074 volt 
(6; AP~ 5x 10° pounds per square inch pounds per square inch 


For a pressure of 4000 pounds per square inch the signal AV is 0.4 volt. The 
voltage variation across the capacitance is led through an amplifier into the 
input of a cathode-ray oscillograph. Then the record produced on the fluo- 
rescent screen can be photographed. 

In any quartz gage intended for work under water, it is essential 
to have a watertight mount which will provide an air gap surrounding the lat- 
eral surface of the crystal. Rapid leakage of charge between the two elec- 
trodes must also be prevented. The leakage resistance of the TMB piezoelec- 
tric quartz gages is usually several thousand megohms. 
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Figure 4 - Modification of Quartz Gage for Attachment to a Surface 


A nut is soldered to the bottom of the housing, and a threaded stud is soldered 
to the surface at which the pressure is to be measured. 


The brass housing of the quartz gage lends it great durability, and 
thus the gage will last for a very large number of explosions. This advan- 
tage is offset by the vibrations set up in the quartz mount when the gage is 
subjected to explosions. The observed frequency of the mount is of the order 
of 7 x 10* cycles per second, not high enough to prevent the introduction of 
an error in the determination of the peak pressure. A quartz gage of modi- 
fied design which should possess a considerably higher natural frequency is 
under construction at the Taylor Model Basin. 

The quartz mount can be readily adapted to the measurement of ex- 
plosion pressures at the surface of an underwater structure. This is accom- 
plished by silver-soldering a nut to the bottom of the mount, and attaching a 
threaded stud to the surface in question; see Figure 4. 


THE TMB TOURMALINE GAGE 
The TMB form of tourmaline pressure gage differs from the one devel- 
oped by the Underwater Explosives Research Laboratory at Woods Hole chiefly 
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Figure 5a 
This is a view of the gage element before the rubber coating is molded around the crystal. 


Figure 5b 
~ This is a view of the completed gage. 


Figure 5 - TMB Tourmaline Gage for Determining 
Underwater Explosion Pressures 


in the type of insulation and cable employed. The construction of this gage 
and of a TMB copper cable have been described in detail elsewhere (18); they 
are shown here in the photographs, Figures 5a and 5b. Tourmaline is sensi- 
tive to isotropic pressure and therefore requires no mount. Thus the fre- 
quency of the lowest mode of vibration of the tourmaline gage is much greater 
than that of the quartz gage. The crystals employed have approximately the 
same area and sensitivity as the quartz crystals. The tourmaline crystals 
are insulated by molding a sheath of rubber with a low sulphur content about 
the crystal and that part of the cable to which it is attached. 

A modified form of this gage has been used to obtain load-time rec- 
ords at a surface of an underwater structure exposed to explosive loading. 
The rubber insulation is not only molded about the crystal and the copper 
cable but also to a brass plate; see Figure 6. This plate is then bolted to 
the structure. The structure must be heavy enough to be unaffected in its 
deformation or its motion by the screws or by the weight of the brass plate. 
Pressure records obtained in this manner are compared with "open-water" 
records later in this report. 
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A. Hole for alignment of brass plate with mold 
B. Rubber insulation surrounding tourmaline crystal 
C. Drilled hole to admit bolt for attaching brass plate to structure 
D. Clamp to secure gage in cavity of brass plate 
E. Wax-filled cable of copper tubing 
In use, the entire assembly is bolted to the facing plate of the structure being tested. 


PRECAUTIONS IN THE USE OF PIEZOELECTRIC GAGES 

Inasmuch as piezoelectric gages are high-impedance sources, certain 
precautions must be taken in their use. If the cable leading from the pickup 
to the amplifier input is too long, then it acts as a transmission line with 
attendant frequency distortion of the signal. This is due to the fact that 
the high impedance of the gage does not match the low surge impedance of the 
cable; the latter is generally less than 100 ohms. This will be discussed in 
greater detail in the section headed "Cables and Recording Channels," pages 
WZ He) iKts}- 
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The time constant of the gage is defined as the product of the 
total capacitance in parallel with the gage and the input resistance of the 
amplifier into which the gage output is sent. It is necessary that piezo- 
electric gages have a large time constant compared to the duration of the 
pressure under study. If the time constant is not sufficiently large, the 
Signal will leak through the input resistance of the amplifier and will ac- 
quire a corresponding distortion; see pages 24 to 27, inclusive, for detailed 
calculations which provide practical criteria for the magnitude of the time 
constant needed. 

Care must be exercised in the selection of a cable for piezoelectric 
pickup elements. It was found in the Taylor Model Basin tests that most ca- 
bles, when subjected to an explosion, generate a signal of their own which 
has a low amplitude and long duration compared to the true signal. If the 
cable signal is not removed, measurements of momentum in the pressure field 
are particularly unreliable. A comparison of the signals produced by various 
cables is given in the section beginning on page 12. The cable finally se- 
lected (18) consists of an annealed copper tube with an outside diameter of 
1/8 inch and a wall thickness of 1/32 inch. The central conductor is a Num- 
ber 20 or Number 24 copper wire insulated with enamel and a double layer of 
glass fiber.* The space between the central conductor and the wall of the 
copper tube is filled with ceresin or paraffin. The wax prevents vibration 
of the central conductor inside the copper tube when the pressure pulse from 
an explosion strikes the cable. 


THE TMB RESISTANCE GAGE 

It was felt desirable to supplement the piezoelectric gages with a 
gage of the low-impedance type of approximately 100 ohms. Such a gage is 
particularly convenient if a very long line is required between the pickup 
element and the amplifier, or if a signal of long duration is to be studied. 
Since the impedance of the gage matches the surge impedance of the cable, 
there is no frequency distortion of the signal by the cable no matter how 
great its length. 

The principle upon which the resistance gage operates is that its 
ohmic resistance changes when the pickup element is subjected to pressure. 
This change in resistance affects the current in a ballast circuit. The cor- 
responding variation in voltage across part of the ballast resistance is re- 
corded by the cathode-ray oscillograph. It is evident that insofar as the 
pickup element is concerned, there is no limitation on the maximum duration 


ie This wire is manufactured by the Anaconda Wire and Cable Company under the trade name of DVE wire. 
"DVE" wire signifies double vitrotex enameled. 


of signal that may be studied. The 
low impedance of the pickup also 
serves to eliminate cable signal. 
An early form of a re- 

sistance gage, constructed at the 
Massachusetts Institute of Technol- 
ogy, consisted of a 250- or 500-ohm 
resistor* imbedded in a rubber 
sheath. 


average distance between the carbon 


The pressure changed the 


particles on the glass tube in the 
resistor, thus producing a change 


in resistance. This gage was found 


to be fairly sensitive when connect- 


ed to a 1500-ohm ballast resistance 
in series with a 45-volt battery; 
the voltage sensitivity was then 
about 5 x 1075 volts 
of the same order of magnitude as 
the sensitivity of a piezoelectric 
pickup. 

However, these resistor 
gages showed high hysteresis. The 


pounds per square inch’ 


581 


11 
mice ea. 
ro 
" 
Spot Weld—. Kovar Cylinder 
2 Kovar Rod 
a aaa Glass Tube 
Gloss 


\-mil Resistance Wire 


Figure 7 - Glass Resistance-Type Pickup 


In the upper diagram the gage is shown in its 
natural size. The element is made of 705 glass 
as manufactured by the Corning Glass Company. 
Kovar is used for the metal parts because it has 
the same coefficient of expansion as glass over 
a large range of temperatures. The Kovar rod is 
slipped into a glass tube, and the tube is put 
into a Kovar cylinder. 1-mil Advance wire is 
then wrapped about the glass tube and the two 
ends of the wire are spot-welded to the Kovar 
wire and cylinder, respectively. A small glass 
tube is then slipped over the end of the assem— 
bly at which the Advance wire is spot-welded 
to the rod. The entire wit is heated with an 
oxygen-hydrogen torch until the glass parts and 
the Kovar are fused into an integral unit. After 
the element is annealed it is ready to be assem 
bled on a cable. 


calibrations of some of them varied by as much as 20 to 50 per cent after the 


element had been exposed to a number of explosions. 
A gage was then developed at the Taylor Model Basin, which is elas- 


tic and which shows little hysteresis in the range of pressures encountered 


in underwater explosions. 


proximately 100 ohms of 1-mil Advance wire is imbedded; see Figure 7. 


This gage consists of a glass element in which ap- 


The 


ends of this fine wire are spot-welded to a cylinder and a rod of an alloy 


which has equal thermal expansion with the glass, known by the trade name 


of Kovar. 
7/32 inch. 


The overall dimensions of the glass element are about 1 inch by 
The Kovar cylinder and rod are set coaxially to prevent electri- 
cal leakage between them through the water. 


These elements can be calibrated 


in a static pressure chamber by measuring their resistance change with a 


Wheatstone bridge for a given applied pressure. 


tions and show little hysteresis. 


They possess linear calibra- 


This resistance gage has the disadvantage of very low sensitivity 


compared to the piezoelectric gages. 


When a 100-ohm resistance element in 


* As manufactured by the International Resistance Company. 
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series with a 100-ohm ballast resistor and four 6-volt storage batteries is 
subjected to a pressure of 3000 pounds per square inch, the voltage across 
the element changes by 5 millivolts. Furthermore, the gages are fragile com- 
pared to the piezoelectric elements and they seldom withstand more than half 
a dozen explosions. 

When long lines and signals of long duration are encountered, it is 
desirable to use the resistance element as a check on the piezoelectric gages. 
The resistance gage may also be useful in determining whether or not cable 
signal has been eliminated from a piezoelectric gage; this is particularly 
important in the case of explosions of large charges. Long lines are then 
used so that the operating personnel and the amplifiers will be at a safe 
distance. Thus successive parts of the cable are subjected to the pressure 
wave over a relatively long period of time; i.e., the time required for sound 
in water to traverse the cable length. If any signal resulted from this pres- 
sure on the cable, the tail of the true pressure curve would be obscured. The 
resistance element should show no cable signal under these circumstances. 
This is important particularly if the momentum as well as the peak pressure 
in the pressure pulse is being investigated. 

At the time of writing, the resistance element is not sufficiently 
rugged to be used as a field gage. 

The sensitivity of the glass elements to pressure changes varies 
from 1.4 to 1.8 x 1077 SS ee It is interesting to note that 
the compressibilities of various types of glass range from about 1 to 2 x 10° 


wit wee OV Alea reer 8 
pounds per square inch’ 
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PART 3. CABLES AND RECORDING CHANNELS 
TYPES OF DISTORTION OF A GAGE SIGNAL 

It has been mentioned in Part 2 that a long cable will act as a 
transmission line. Thus a signal propagated by such a cable will at a given 
instant possess different phases at different points along the line. This 
may give rise to distortion of the gage signal. Moreover, there are other 
causes of signal distortion, such as mechanical disturbance of the cable, in- 
sufficiently large time constant of the circuit, and inadequate frequency 
response of the amplifiers. These will be discussed in turn. 


DISTORTIONS DUE TO THE TRANSMISSION LINE 
The usual equations (19) describing a transmission line are in- 
cluded here for the reader's convenience. 
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Transmission Line 


Transmission Line 


Figure 8 - Schematic Diagram of a Transmission Line Circuit 


In Figure 8 ie ne is the voltage produced by a generator, 

Z, is the impedance of the generator, 

x is a distance along the transmission line, varying from 
Oto 1; 

E(z)e4"* is the voltage at x between the pair of conductors which 

constitute the transmission line, 

Z is the combined impedance of the resistances, inductances, 
and capacitances as used in particular cases, 

e, =E,e?”* is E(l)e?**, the output voltage, 

Z,1is the terminating impedance, and 

© is the frequency of the impressed voltage, in radians 
per second. 


These quantities are related by the equation 


[z, +z J[e! —ryr,¢ 77 ae 


where Z, = ae is the surge impedance of the cable, defined as that 

impedance which must terminate both ends of a dissipationless line 
to make it a distortionless line, 

R is the resistance per unit length of the line, with both conductors 
in series, 

G is the leakage conductance from one conductor to the other, per 
unit length, 

L is the distributed inductance per unit length, 

C is the distributed capacitance per unit length, 

a = VR + jLw\(G + 7Cw) is the propagation function of the line, 
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sy Z,— Zo 
T= Zaza and 
my Z,— Zo 
2 Zo +2 


It is the quantity E(l) which is equal to FE, that is important. 
This represents the output voltage of the cable and therefore the input volt- 
age for the amplifiers. 


mais E,Z,)(1 + r,) 
eT AEE ale” = ri tee [2] 


The assumption will now be made that the line has no dissipation; 
i.e., R =G=0.* Since C is approximately 40 x 107? farad per foot, G is 
unimportant above 20 or 30 cycles per second. The approximation is not as 
good for R since this quantity is approximately 0.01 ohm per foot for Number 
20 copper wire, while L is approximately 1.2 x 107% henry per foot. However, 
good agreement with experiment is obtained even when RF is neglected. This 
approximation simplifies the equation considerably. 


a= jwVLC; Z,= V4 [3] 
Z, is now a pure resistance. . 


E,Z)(1 + 72) 


eas anne 


(eee 7 teen a 


Tay antiaes 

It is to be noted that even for a dissipationless line there will 
be frequency distortion; i.e., EH, is still a function of the frequency w/2n. 
However, if the line were terminated at both ends by impedances equal to the 
surge impedance, j.e., if Z, = Z, = Z,), then r, =r, = 0. 


Bj Big ets [5] 


and 


og = B, ai" = 2a gee) [6] 


The amplitude is now independent of the frequency, while the phase 
is altered only by having a constant subtracted from the time. Thus if the 
dissipationless line is terminated by its surge impedance, it becomes a 


=1 
aG, £10 4 mho per foot for the cables used. 
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distortionless transmission system. It may be noted that the phase of the 
original signal has been altered by subtracting a constant time, LVLC. Since 
VLC = 1/v, where v is the phase velocity, 1VLC represents a time lag which is 
independent of the frequency. It is the time required for a sinusoidal com- 
ponent of the signal, as in a Fourier analysis, to traverse the length of the 
cable. If a nonsinusoidal voltage is impressed on the line, all the harmonic 
components will be subjected to the same amplitude and phase changes during 
the transmission. Thus a replica of the impressed voltage will arrive at the 
receiving end. This addition of the harmonic components is possible since 
all the differential equations are linear. 

The important question that remains is the following. What magni- 
tude of error is introduced by having the terminations Z, and Z, not equal 
to Z? The following analysis will give criteria for the length of line and 
the size of terminating impedance that will keep the distortion below a spec- 
ified amount. 

Substituting the values of r,, r,, and LVLC = 1CVL/C = |CZ,=C,Z, 
into Equation [4], we obtain 


E\2Z 2, 


ee [7] 
Z,(Z, + Zp) coswZ,C, +(Z, + 2Z,Z,)j sinwZ,C, 


E, 
C, = 1C is the distributed capacitance of the whole cable. 
In this problem the pressure pulse gives rise to the generator 
voltage E,«?"* of the piezoelectric gage. The generator has an internal im- 
pedance 


il 
jw, 


2,= 


where C, is the capacitance of the piezoelectric pickup element. If gq is the 
charge generated by the gage then 
q=E,C, 


and therefore 


ne 92,2, 


= 4" "(J -—— [8] 
1 2 Zeer 
Z\C,2, at ia cos wZ,C, + (Z, Cat aa jsinwZ,C, 


It is customary to terminate the cable with a capacitance to con- 
trol the output voltage. Therefore let 


ae | 
G2 = Fut, 


where C, is the terminating capacitance. Then Equation [8] becomes 
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q 
; a 2\/sinwZ,C, 
(C, + Cz) coswZyC, + (1 a C2C,Zo)( wZoC, )¢. 


This result has been obtained by Lampson (20). 

The order of magnitude of the various parameters may be compared. 
C, is very small, probably less than 40 x 10°'* farad. C, usually varies 
from 10°* farad to 10°" farad. C, = IC where C is approximately 40 x 107? 
farad per foot and / ranges from 20 feet to 1000 feet. Zp, is the surge im- 
pedance and ranges from 50 to 70 ohms for ordinary microphone cables. The 
range of frequencies w/2m of interest in underwater explosion work extends 
up to several hundred kilocycles, say 3 x 10° cycles per second. 

If the length of the cable J is small, then sinwZ,C,/wZ,C, and 
coswZ,C, may be replaced by unity. In that event 


q F 
a aa a [10] 
C,+ C, + C1 —w C5Z, C,) 
If the terminating capacitance C, is not large, then 
q 
hy 2 SS (11) 
= Cm CFC? 


This value for the output voltage of the line is valid for short 
lines and for terminating capacitances C, that are not too large. 

A comparison of Equations [11] and [9] shows that the effect of a 
large value for C, or for | is to increase the value of E, over that which 
would be obtained from Equation [11]. 

The effect of finite lengths of line can be easily estimated. Sup- 
pose it is desired that the value of E, should vary by no more than 4 per 
cent for a range of frequencies up to 3 x 10° cycles per second; assume that 


C, and C, are approximately equal and that C, is negligible. Then Equation 
[9] can be rewritten 


q 
C,(coswZ oC, + SnwZol) 
0™“c 


For small values of the argument wZ,C, we can write 


2 
coswZ,C, = 1 — (above) 
sin wZ,C, ~ (wZ,C,)* 


pzZ.c ee 6 
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Thus the prescribed maximum variation of 4 per cent in E,will occur if 
coswZ,C,1is allowed to deviate from unity by 0.03, and sinwZ,C,/wZ,C, by 
0.01. Then 


2 
j eS wioLoe 


and therefore 
wZ,C, _ 0.245 


Let Z, = 55 ohms and C = 40 x 107” farad per foot. Then 


This is the maximum length of line that may be used under the 
stated conditions. 

Similarly the effect of C, in causing distortion may be estimated. 
Let the deviation of 1 - w°C,Z/C, from unity be 3 per cent for the range of 
frequencies up to 3 x 10° cycles per second. Let C, = 30 x 107 YF farad, and 
Z, = 55 ohms. Then 


@ UC, 2, Cs <.0-08 
Therefore 
C, < 0.11 x 10° farad 


A 0.1-microfarad terminating capacitor is thus the largest that 
could be employed under the given conditions. 

This is not a serious limitation on the attenuation of signal volt- 
age. Capacitors larger than 0.1 microfarad may be employed to obtain greater 
attenuation by using two capacitors in series on the end of the line. If one 
capacitor is kept below the limit of 0.1 microfarad, the other capacitor may 
be as large as needed to secure the desired attenuation. The signal would 
then be taken from the larger capacitor. The combination would be an equiv- 
alent capacitor whose capacitance is less than the smaller of the pair and 
hence less than 0.1 microfarad. 

It is more difficult to compensate for the use of a very long line 
to avoid distortion of the signal. There are two methods of dealing with 
this problem. One method is to use a preamplifier on the end of a line; for 
example, in the case just discussed the line was less than 59 feet long. The 
preamplifier is so designed that its output impedance is low enough to match 
the surge impedance of the cable. A line of any length can then be used from 
the output of the preamplifier to the input of the next amplifier. Such a 
preamplifier has been designed and tested in conjunction with 500 feet of 
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single conductor cable with a surge impedance of 7/2 ohms. The frequency- 
response curve of this preamplifier and 500 feet of cable is essentially flat 
between 100 cycles per second and one megacycle per second. 

Another method consists in terminating the cable, at least approx- 
imately, in its surge impedance. This method has been described by Lampson 
(21). Other work has been done at the Taylor Model Basin on this problem 
(22). 


DISTORTIONS DUE TO MECHANICAL DISTURBANCE OF THE CABLE 

In Part 2 it was pointed out that the type of cable used with a 
gage is one of the factors which determine the degree of distortion of the 
signal obtained. In testing a piezoelectric gage at the Taylor Model Basin 
it was observed that mechanical disturbance of the cable modified the voltage 
signal perceptibly. It was evident that in using the gage to study the 
pressure-time variation near an underwater explosion, a spurious signal pro- 
duced in the cable could introduce an appreciable error. Preliminary tests 
confirmed this conjecture. A series of tests was undertaken to compare the 
voltage signals from various types of shielded, single-conductor cables ex- 
posed without other pickup to an underwater explosion. An attempt was then 
made to improve one of the best of these, a coaxial copper-tube cable, so as 
to reduce its distortion of a gage signal. Finally, certain relevant proper- 
ties of the modified cable were studied: The reproducibility of its voltage 
signal, and the effects of change in its orientation and configuration. 

Each cable under investigation was prepared for immersion by insu- 
lating the wire at one end, both from the concentric shield and from the wa- 
ter, by rubber tape coated with Bostik cement. The other end was connected 
to the input of an amplifier. The cable was then taped to a plank and low- 
ered diagonally into the water to a depth of 3 feet, as shown in Figure 9. 
Both cable and charge were mounted on suitable frames by means of which their 
depth and relative position could be accurately adjusted. 

A Number 8 detonator was exploded, and the voltage output of the 
cable as a function of time was recorded with a Du Mont Type 208 cathode-ray 
oscillograph and an auxiliary camera. The time axis on the cathode-ray 
screen was swept out by a TMB sweep generator, and synchronized with the ex- 
plosion by a trigger circuit. Voltage and time scales were calibrated with 
a Generel Radio Microvolter and an oscillator by impressing a sine wave of 
known emplitude and frequency on the screen of the cathode-ray tube. The 
photographic records were enlarged, and peak voltages were read off. 

A detailed description of the cables, including the capacitance of 
each, and a tabulation of the results will be found in Tables 1 and 2, re- 
spectively. The peak voltages generated by the different cables range from 
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TABLE 1 


Description of Cables Subjected to Underwater Explosions, 


Es. Manufacturer's 


Letter; Designation 


Belden 8421 
Belden 8401 


Belden 8216 
Precision 


Cable E 
Precision 


Belden 1637 


Belden 8863 


Insulation 


Rubber 


Rubber 


Rubber 
Fiber-glass 


Fiber-glass 


Fiber-glass 


and 
Celluloid 


Rubber 


Rubber, 
Cotton 


Shield 


Copper 
Stranding 


Copper - 
Phosphor- 
Bronze 
Stranding 


Copper 
Stranding 
Copper 
Tube 
Copper 
Tube 


Copper 
Tube 


Copper 
Tube 


Copper 
Stranding 


and Peak Voltages Produced by These Cables 


Sheathing pace nee per foot 


inches wut 


Rubber 


Rubber 


Rubber 


None 


None 


None 


None 


None 


* The peak voltage was determined from at least four trials with each cable. 


10 to 136 millivolts. 


Greater signals were produced by the rubber-sheathed 


cables than by the unsheathed ones, the former ranging from 80 to 136 milli- 


volts, the latter from 10 to 40 millivolts. 


were 2 or 3 milliseconds. 
These large cable signals may give rise to important errors when 
used in conjunction with a crystal pickup in measurements on the initial part 


of the pressure pulse in an underwater explosion. 


Typical durations of the signals 


Even larger relative er- 


rors will result, however, in pressure determinations during the ensuing pe- 
riod of several milliseconds characterized by distinctly lower pressures. The 


character of the tail of the curve corresponding to this later period may be 
completely masked by cable distortion. 
the area under the pressure-time curve must be determined, and since the du- 
ration of the cable pulse is long compared to that of the true pressure pulse, 
a tail area of considerable size would make a large spurious contribution, 
say as large as 20 per cent, to the measured impulse. 

The lowest signals, 10 and 13 millivolts, were produced by the 


cables designated as D and E respectively, see Table 1. 


When measuring impulse or momentum 


The shielding in 


both consists of copper tubing rather than stranding; they have fiber-glass 
insulation, their outside diameter is small, 0.100 inch and 0.125 inch re- 
spectively, as compared to those of the other copper-tube cables tested, and 
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To Amplifier To Amplifier 


Water 
Surface 


Water 
Surface 


h e > 
ore ie aie charge. 


Figure 9a - Sidewise Orientation Figure 9b - Endwise Orientation 


The charge is offset from the cable, to produce The charge is in line with the end of the cable. 
lateral movement of the latter. 


Figure 9 - Orientations of Cable Relative to Charge 
in the Early Cable Tests 


they are unsheathed. In Cable D, prepared by the Precision Tube Company, the 
copper tubing is placed over the insulation by a drawing operation. The re- 
sulting hardness of the tubing cannot be removed by annealing because this 
would damage the insulation. In Cable E, prepared at the Taylor Model Basin, 
Number 24 wire covered with fiber-glass insulation is inserted into tubing 
with a wall thickness of 0.034 inch. Because the tubing in the latter cable 
can be annealed before the wire is inserted, it has the advantage of flexi- 
bility. However, since the central wire is rather loose (this cable was made 
up without wax) it is capable of motion relative to the concentric tube. Hence 
the cable signal shows high-frequency oscillations due to the vibration of the 
wire; see Figure 10b. 

To determine how much reduction in the peak voltage of Cable E could 
be effected by reducing the relative motion of the central wire, a test was 
made with a charge placed on an extension of the axis of the cable; see Figure 
9b. The distance between the immersed end of the cable and the charge was 
kept fixed. The resulting peak voltage was 2 millivolts, compared to 13 mil- 
livolts when the charge was in the position shown in Figure 9a. 

It appeared that of all the cables tested Cable E would be the most 
satisfactory for use in explosion gages, provided that it could be made in- 
sensitive to orientation. To accomplish this, it was decided to fill the 
space between the tube and the wire with wax (18). The modified cable, here- 
after called the "TMB “able," gave satisfactory results, as shown in Table 2, 


Voltage ———> 


21 


Figure 10b Figure 10c 
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Time —e 
Figure 10a 


Figure 10 - Voltage Signals Produced by Three Cables Subjected to 
the Underwater Explosion of a Detonator 


Figure 10a shows a signal from a rubber-sheathed cable; Figure 10b, a signal from a coaxial 
copper-tube cable; and Figure 10c, a signal from a wax-filled TMB cable. 


Figures 10b and 10c were originally taken at larger amplifications than those exhibited here, 
to permit accurate measurement. They have been reduced to show the three cable signals 
approximately to the same voltage scale. The apparently sharper focus in Figures 10b and 
10c is due to this reduction. The time scales are different. The total time on each oscil- 
logram is the same, 12 milliseconds. 


TABLE 2 


Comparison of Peak Voltages of TMB Wax-Filled Cable 
and Unmodified Cable 


Peak Voltage, millivolts 
Sidewise Endwise 
Gable Orientation Orientation 
Figure 9a Figure 9b 
E 12.9 2.0 
TMB Bau! 2.6 


which gives the peak voltages obtained with the original and the modified 
cables for the positions shown in Figure 9. 
was 50 micromicrofarads per foot. 


Figure 10 is a comparison of voltage-signal records from a rubb 


cable, from the unmodified copper-tube cable, and from the TMB cable. It 


The capacitance of the TMB cable 


er 
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should be noted that although the time scales are different in the three rec- 
ords, the voltage scales are the same. 
The TMB cable possesses the following advantages: 


a. Compared to the unmodified Cable E, it is relatively 
insensitive to orientation. 


b. For sidewise orientation, Figure 9a, it gives a peak 
signal less than 1/3 as large as does the unmodified copper cable, 
and about 1/30 of that produced by commercial rubber-sheathed 
cables. 


c. High-frequency voltage oscillations due to vibration 
of the wire in the unwaxed copper-tube cable are eliminated; com- 
pare Figures 10b and 10c. 


d. It is very flexible, since the copper tubing remains in 
the annealed condition after the central wire is inserted. 


e. The use of copper tubing as a shield makes it easy to 
lead the gage cable into a pressure chamber for calibration. 
With rubber cable it is difficult to seal the gage inside the 
pressure chamber so that it will hold high pressure without dam- 
aging the rubber insulation. 


f. It has a relatively low dielectric absorption. Conse- 
quently, its capacitance shows a negligible change with frequency, 
as compared with variations as high as 15 per cent observed for 
rubber-sheathed cables between 150 cycles per second and 30,000 
cycles per second. 


Because of these characteristics the TMB cable appears to be better 
suited for use with underwater explosion-pressure gages than any of the others 
tested. It has been adopted for all such gages recently constructed at the 
Taylor Model Basin. 

In addition, two other features of the cable were investigated; the 
reproducibility of the voltage signal and the effect of changing the config- 
uration of the cable in the pressure field. Ina series of five detonations 
under nominally identical conditions, the peak voltage signal from the cable 
alone was found to be reproducible to within a probable deviation of 4 per 
cent. To test the effect of departure from a linear configuration, the cable 
was bent into a circle with the charge at its center. There was little change 
in the resulting cable signal. 

Further tests of the relative merits of the TMB cable and a rubber- 
sheathed cable were subsequently made at the Underwater Explosives Research 
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Laboratory at Woods Hole, in connection 


Coble 


with the use of larger charges. These 


experiments differed from the earlier To 
Amplifier 


Charge 
ones mainly in two respects: charges 
of 250 grams of tetryl were exploded 
instead of detonators, and each of the 
cables tested was part of a complete 


piezoelectric gage assembly. The crys- Figure 11 - Positions of Cable and 
Crystal Relative to Charge 
tal signal was delayed so as to sepa- in the tuple 


rate it from the initial part of the 
cable signal. This was done by bending 
the eable into the shape of an isosceles triangle with the crystal at its ver- 
tex 30 inches from the base; see Figure 11. The charge was placed at the same 
distance on the other side of the base. Hence the pressure pulse struck the 
cable about half a millisecond before reaching the crystal. 

Cable signals obtained simultaneously from a Belden Series 84.00 
rubber-sheathed cable and from a TMB cable are shown in Figures 12 and 13. 
In these pictures the time sweep proceeds from left to right; thus the first 
disturbance at the left is that due to the cable. The steep signal which 
follows is produced by the crystal,* and the peculiar appearance of the sub- 
sequent portion of the curve was probably caused by the output of the crystal 
overloading the amplifier. Pairs of such records from ten explosions were 
obtained. These show a steady change in the condition of the rubber cable as 


Pressure Wave Strikes Cable 


Pressure Wave Strikes Cable 


21.6 millivolts f eee 
NEF ss Wave Strikes Crystal 


Figure 12 - Voltage Signal Produced Figure 13 - Voltage Signal Produced 


Nery 3 
‘2.1 millivolts : 


Pressure Wave Strikes Crystu! 


by a Rubber Cable Subjected to an by a TMB Cable Subjected to an 
Underwater Explosion of Underwater Explosion of 
250 Grams of Tetryl 250 Grams of Tetryl 


* The amplifier gain-required to produce a sizeable cable signal was much too high for the crystal signal. 
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it is subjected to additional explosions. The peak voltage in the cable sig- 
nal decreased from 22 millivolts in the first explosion to 6 millivolts in 
the tenth, while that in the TMB cable fluctuated between 1 and 2 millivolts. 
This effect of "aging" on the rubber cable, due to repeated explosions, had 
been observed previously at the Underwater Explosives Research Laboratory. 
The investigators at that laboratory report that the change is reversible; if 
an "aged" cable is put aside for a week or two it reverts to its former state 
and again gives rise to large signals. Other rubber-sheathed cables showed 
the same features in even greater degree. 

When large numbers of gages with copper cables were used simultane- 
ously on a ship, the noise level became objectionably high, probably as a re- 
sult of eddy currents through the copper tube which serves as a return lead. 
One way to overcome this difficulty may be to replace the present combination 
of single conductor and grounded copper tube with a double conductor enclosed 
in a copper tube, the latter acting only as a shield. 


DISTORTION DUE TO INSUFFICIENT TIME CONSTANT 

Another type of distortion of the gage signal occurs when the time 
constant of the circuit is too small compared to the duration of the signal. 
The following analysis provides practical criteria for the magnitude of the 
time constants needed to reduce this kind of distortion to a given percentage. 

A piezoelectric gage circuit may be represented as in Figure 14. 

To minimize distortion caused by leakage of the signal charge 
through the input resistance of the amplifier, the time constant of the cir- 
cuit expressed by the product RC must be large compared to the duration of 
the signal. : 

The piezoelectric gage generates a charge which is proportional to 
the applied force. Since the peak pressure due to an underwater explosion 
occurs almost instantaneously, the peak charge is generated at the very start. 
As the pressure decreases, the crystal reabsorbs as much charge as it pre- 
viously generated; this reverses the original current. 


Q(t) is the charge produced by the crystal; i.e., the 
true gage response which it is desired to measure, 


q(t) is the observed charge on the capacitor, 


C is the combined distributed capacitance of the 
cable plus the terminating lumped capacitance, 


Ris the input resistance of the amplifier, 


Piezoelectric 


Gage RC is the time constant of the circuit, and 


tg, ty, and i, are the instantaneous currents in the 
indicated branches of the circuit. 


Figure 14 - Simplified Equivalent Circuit of a Piezoelectric Gage 
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Thus at first the charge 
is produced and thrown on the capac- 
itor plates. Then as the pressure 
diminishes the capacitor discharges 
into the crystal and through the re- 
sistance R. It is apparent that if 
the resistance were infinite the 
voltage on the capacitor would follow 


Voltage 


Vo (observed) 


the original pressure faithfully. 


Figure 15 - Distortion of a 
However, the presence of a finite re- Piezoelectric Gage Signal 


sistance causes a leakage through that Due to RC Leakage 
Vv, is the value which would be obtained if the 


as well as back into the crystal. Thus eeea “Ua Sees. 

the voltage across the capacitor is 

always less than it would otherwise be. In fact, even if the original pres- 
sure were always positive, it would be possible, because of the leakage 
through R, for the capacitor to reverse its charge and indicate an apparent 
negative force. The distortion of the signal from a piezoelectric gage due 
to leakage is shown in Figure 15, in which V>) is the observed voltage and V, 
is the voltage to be expected for zero leakage. 

It is apparent that the relative error (V, - V,)/V, increases as 
time progresses. Thus if it is desired to study the late phases of the rec- 
ord, it is necessary to make the product RC quite large. This requirement is 
more severe than if the peak value alone were being investigated. An analysis 
of the distortion is given below. 

Let i, = -dq/dt be the total current flowing out of the capacitor, 
i, = -dQ/dt be the current flowing into the crystal, and i, = g/RCbe the 
current flowing through the resistance R. Then 


Wen te Ue [12] 
or 
ee a 
dt RC dt 
and 
Cl ie eee 
dt RC dt 


q(t) = ABUL [{22 _ Serine dr + e| 


t 
= oT O¢4) oR Dh f(r) e dr + c| 
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The initial conditions are that q(0) = Q(0) = Q,, the initial charge 
produced. Therefore 


1 -t/RC ' +/RC 
q(t) = Q(t) — sre Q(r) e dr 
RC J 


where 7 is the variable of integration. The relative error is 


Oe) ight) 4 AQ) ng FG 
Q(t) Chas [13] 


Thus far the expression for the charge produced by the crystal has 
been an arbitrary function. Now two special forms for Q(t) will be considered. 


Case 1 Q(t) = Opielwitt (14) 


Case 2 Q(t) = Q,(1 = =) [15] 


where t, = RC is the time constant of the discharge. 
For what time ought the 

relative error to be calculated? 

It is seen that the error increases Relative brror 42 as a Function of ue 

with time. As a practical choice for Case 1 and Case 2 ¥ 

the comparison may be made for the 

time at which 


TABLE 3 


= 1 in Case-1 


and 


Rte 
t 3 in Case 2 


In both cases Q(t) is reduced to ap- 
proximately 1/3 of its original 
value. 

Table 3 is based on Equa- 
tion [13]. It gives the relative 
error 4Q/Q as a function of RC/t). 

The conclusion to be drawn 
in each of the two cases is substan- 
tially the same. If the error is not 
to exceed 10 per cent, the time con- 
stant should be 10 to 15 times as 


NO OW FWN — 
SO ONO ONO TO 1 


Sy 


ile 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
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large as the period of time which is of interest. Thus if the time of in- 
terest is 20 milliseconds, the time constant must exceed 250 milliseconds. 


DISTORTIONS DUE TO FREQUENCY RESPONSE OF AMPLIFIERS 

Thus far distortions associated with the cable and those due to in- 
adequate time constant have been discussed. Another kind of signal distor- 
tion arises from inadequate frequency response of the amplifiers. There are 
several ways of describing this frequency response. The following are three 
methods in common use. 

Let E, sinwt represent a standard sinusoidal signal going to the 
input of the amplifier. Then the output will have the form 


E sin(wt — 6) 


E is the amplitude of the output. If it is a function of the fre- 
quency w, i.e., E = E(w), then the amplifier has amplitude distortion. 96 is 
the change in phase introduced by the amplifier. If 6 is either a constant 
or a linear function of the frequency, i.e., 6 = 0(w) = aw+ B, where @ and B 
are constant, then there is no phase distortion. If 9 is a nonlinear func- 
tion of w, then the amplifier has intrqduced phase distortion. In the case 
of the properly terminated cable treated in an earlier section, see Equation 


[5], 


E(w) — which is independent of signal frequency w; 


6(w) = jLVLC w, which is a linear function of w. 


Thus the properly terminated cable is an example of a distortionless system. 
When E(w) and 6(w) are determined experimentally, the frequency response is 
completely known. 

A second method involves obtaining the response of the amplifier to 
a periodic square wave. 

A third method is to ob- 
tain the response of the amplifier 


to a unit pulse; see Figure 16. 
These modes of descrip- 


tion are essentially equivalent, 


and any one may be derived from 
any other (23). Each may be useful 


for some specific purpose. Thus, 


for example, if it is desired to Oo ] Sen 3 4 5 
t/t. in radians 


learn the effect of some parameter, Figure 16 - Types of Response of 


such as the value of a resistance Amplifiers to a Unit Pulse 
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or capacitance, on the frequency re- 
sponse, then the response to a square 
wave may be "stopped" on the screen 
of a cathode ray oscillograph, and 
the change in the response can be 
observed visually and continuously 


as the resistance, or capacitance, 
is altered. Thus the square-wave 
method is valuable to anyone build- 
ing an amplifier. Once the ampli- 
fier is built it may be necessary to 
determine the response to a given 
input transient signal. It is dif- 
Figure 17 - Illustration of the ficult to derive mathematically the 
Duhamel Integral response to a transient signal in 
terms of a known response to a square 
wave (23). This question may, however, be answered very conveniently if the 
response to a unit pulse is known, and for studying distortion, the square wave 
of adequate duration is sufficiently equivalent to it. The following analysis 
(24) shows how the response of any amplifier to a given signal may be calcu- 
lated provided the response to a unit pulse is known. Let 


E(t) be 1 for t 20 


' 
| 
| 
| 
| 
! 
| 


! 
| 
| 
t 


; the unit pulse, 
be 0 for t < 0 


A(t) be the response to the unit pulse, usually called 
the indicial admittance, 


S(t) be the input or excitation signal, and 
R(t) be the response of the amplifier to S(t). 


It will be assumed that the amplifier is a linear system, i.e., it 
is describable by linear differential equations. In that case the principle 
of superposition may be used. It is also necessary to assume that the coef- 
ficients of the differential equations of the system (amplifier) are con- 
stants. This means that the response is only a function of (t - 7) where T 
is the time at which the unit pulse is applied, and ¢ is the time at which 
the response is desired. 

Consider the input signal S as represented in Figure 1/. The sig- 
nal is to be considered as the sum of many rectangular pulses. Each pulse 
starts at a time Ar after the previous one. The height of the pulse is given 
by 
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AS 
AS = ve Ar 


Thus a pulse of height AS is applied at the time 7, while at a time Ar later 
another pulse is applied, and so on. It is desired to find the effect of all 
these pulses at the definite time t. The response of any one of them is pic- 
tured in the lower half of Figure 17, and is given by 


= Ar-A(t — T) 
AT 


There is also the contribution of the pulse whose height is S(0). The corre- 
sponding response is given by the product 


S(0) - A(t) 
The total response is obtained by adding all the steps. This yields 


R(t) = S(0) A(t) + = Alt — 7) Ar 


In the limit as Ar > 0, the summation is replaced by the following expression, 
known as the Duhamel integral 


t 
R(t) = S(0) A(t) + ps2 Mites ade 
0 a 


This formula gives the response for a given input signal S(t) pro- 
vided the response to a unit pulse, i.e., A(t), is known; see Figure 16 and 
the upper half of Figure 17. 

A specific case will be worked out in detail to illustrate the 
method. 

Assume for instance that the response to a unit pulse has been ob- 
tained experimentally and is representable by the empirical equation 

A(t) =1—- e 
t, 18 a measure of "the time of rise" of the amplifier.* Let the input sig- 
nal be that due to an underwater explosion. This may be represented fairly 
well by the form** 


S(t) =« i? 


where T is the duration of the signal. Thus 


The response of actual amplifiers frequently approximates this form. 


For simplicity, S(0) is chosen as unity, and S(t) and R(t) are dimensionless. 
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1/T 
Figure 18 - Response of an Amplifier to an Input Signal of the Form elt 
The amplifier in question is one which shows the response to a unit pulse depicted by the 
lower curve in Figure 16. The response is expressed by Equation [17] 
and is plotted for two values of t,/T. 
/t ‘ 1 /T ( y/ 
R(t) = 1 — e Mo — fe IM(y — ROM lar {16] 
T 
0 
a 1h -t/T -t/t, 
R(t) = Tt ( € ) [17] 


See Reference (5). 

The original signal S(t) and response R(t) are plotted for the in- 
dicated values of t,/T in Figure 18. It is apparent that the response ap- 
proaches the input signal more closely as t,/T approaches zero. There is a 
considerable loss of peak signal even for small values of toy for example, 
a loss of 7.5 per cent for t,/T= 1/50. 

It is useful to obtain the peak response as a function of t/t. The 
t,/T necessary for a given allowable loss of peak response for the assumed 
type of signal can then be specified. Differentiating Equation [17] yields 


, Ti [ type 1 i 
=>lclUlU CT — — + — 
R'(t) T to € ty € 


Setting this expression equal to zero, we obtain 
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jis bets 


where t,, is the time at which the maximum response occurs. The maximum re- 
sponse R,, at this time is given by 


ran pele em) 8 
0 


Let X= t,/T. Then 


R, = 1 (ead at emit) 


but, from the preceding 


Eliminating t,, we obtain 
= 1 XC EX) 1/1 - x) 
Ree Teas = ) 
and 
A [19] 


This is the desired function giving the peak response to be expected 
from a given value of X= toy de For values of X less than 1/20 we may use 
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Figure 19 - Peak Response as a Function of X= OVE 


The maxima of the family of curves in Figure 18 are plotted against the parameter ey /ite 
This graph is a plet of Equation [19]. 


R= X* with an error which is less than 1 per cent. A plot of Equation [19] 
is given in Figure 19. 

As a numerical example of the use of this result, suppose the am- 
plifier is required to record 97 per cent of the peak pressure due to the 
underwater explosion of an ounce of tetryl. What time of rise should the 
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amplifier have? The duration of the pressure from an ounce of tetryl is ap- 
proximately 35 microseconds. Thus 


T = 35 
Ro=0.97 = xX~ 
Then 


1 to 
x 4 1 10 va T 


ty = tr = 0.2 microsecond 


This imposes a severe requirement upon the amplifier, as can be 
seen from the following example. Suppose that the frequency response of an 
available amplifier falls off by 8 per cent at 300 kilocycles. It then has a 
time of rise equal to 3/4 microsecond, a time too large to give the desired 
accuracy for an explosion of an ounce of tetryl. 

It may be asked, what is the smallest charge for which the cited 
amplifier will record 97 per cent of the peak pressure? The duration of the 
pressure varies as the cube root of the mass of the charge. Therefore, the 
desired value of weight Wof the charge may be obtained if the required dura- 
tion is known. In this case 


RK, = 0.97 
ty = 0.75 

1 t 
ET o Ser 


Therefore 
T = 0.75 x 170 = 127 microseconds 


Comparing this time with the duration of an explosion of one ounce of tetryl, 
we have 


W. (*22)° = 47.8 ounces of tetryl 


Therefore the required charge is 3 pounds or more of tetryl. 

If valid measurements are to be made it is necessary to take such 
precautions as working with relatively large charges or using very high fi- 
delity amplifiers and cables which are not too long. 


THE TMB RECORDING CHANNEL 
The Taylor Model Basin recording channel consists of a series of 
units as indicated by the block diagram in Figure 20. The amplifier was de- 
signed by members of the staff and responds to frequencies up to 300 
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Figure 20 - Schematic Diagram of Channel used in Underwater Explosion Tests 
at the Taylor Model Basin 


kilocycles. Its output goes directly to the vertical deflecting plates of a 
Du Mont Type 208 cathode-ray oscillograph. A high-vacuum type of sweep gen- 
erator is used, which produces either single or continuous sweeps. A Hewlett- 
Packard oscillator and General Radio Microvolter are employed for time and 
voltage calibrations. A 35-mm Eastman Ektra camera using an f 1.9 lens re- 
cords calibrations and explosion pressures. The sweep is initiated when a 
fine wire wrapped around the charge is broken by the explosion. 


PART 4, CALIBRATION OF THE PRESSURE GAGES 

The usefulness of a pressure gage for underwater explosions is man- 
ifestly limited by the accuracy and reliability of its calibration. This in- 
volves a precise determination of the electrical output of the gage when it 
is subjected to a known change in pressure. In this section the apparatus 
employed in applying a pressure change to the gage will be described fansite 
then the circuit used in measuring its output by each of several different 
methods. Finally, the results obtained from the various calibrations will 
be compared with one another, with values of piezoelectric constants found 
in the literature, and with values obtained for the same crystals by two 
other laboratories. * 


y The Underwater Explosives Research Laboratory at the Oceanographic Institution, Woods Hole, 
Massachusetts, and the Exploration Laboratory of the Stanolind Oil and Gas Company, Tulsa, Oklahoma. 
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PRESSURE APPARATUS 

Calibration pressures are developed inside a cylindrical steel 
pressure chamber* filled with a rust-inhibiting solution of potassium dichro- 
nate and sodium carbonate. O11 is not used, since upon repeated immersion in 
oil at high pressures the rubber insulation on the tourmaline gages would be 
damaged. The crystal end of the gage is sealed into the pressure vessel by 
neoprene washers sandwiched between split brass washers. The latter fit snug- 
ly around the copper-tube cable, and the neoprene washers are compressed by 4 
retaining screw through which the cable emerges from the chamber. The pres- 
sure is raised to some predetermined value which is read on a Bourdon-tube 
gage. Three such gages with ranges up to 2000, 5000, and 10,000 pounds per 
square inch have been used. These have been calibrated twice at the National 
Bureau of Standards. They can be read to within 1/4 to 1/2 of one per cent 
at the usual test pressures. 

In the calibration of the piezoelectric gages, a rapid change in 
pressure is required. Therefore, once the desired pressure has been attained, 
it is released by one of the following two methods. A release valve is sud- 
denly opened, permitting a return to atmospheric pressure in approximately 
0.05 second; or a thin brass diaphragm, sealed into the chamber on the oppo- 
site side from the gage, is punctured, releasing the pressure in 0.2 to 0.3 
millisecond. The diaphragm must be thick enough to withstand a given pres- 
sure, but thin enough to be readily punctured with, say, a thrust of a screw- 
driver. In practice, the diaphragms are made of brass, 1.12 inch in diameter 
and 0.003 inch to 0.008 inch thick, depending upon the pressure to which they 
are to be subjected. It requires but a few minutes to remove a punctured 
diaphragm and replace it with a new one. 

Unlike the transient character of a piezoelectric gage calibration, 
that of a glass resistance gage is static; i.e., the pressure remains at a 
predetermined value while the change in the gage resistance is measured. 


CIRCUITS FOR MEASURING THE OUTPUT OF THE GAGES 
For a piezoelectric gage the output to be measured is a quantity of 
charge, whereas for a resistance-type gage the output is a change in resis- 
tance. Accordingly, different circuits must be used in calibrating the two 
types. 


CALIBRATION OF THE PIEZOELECTRIC GAGES 
The charge AQ developed by a piezoelectric crystal under load is 
proportional to the change AF in the total force acting on the electrode 


* 
This apparatus was designed by Lt. Dennison Bancroft, USNR, of the David Taylor Model Basin staff. 
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surfaces, i.e., 4Q=KAF, where K is the piezoelectric constant of the crys- 
talline material along the electric axis. When a piezoelectric gage is sub- 
jected to hydrostatic pressure, it is convenient to write AQ= KAAP. The 
change in pressure AP acting over area A determines the total force transmit- 
ted to the electrode surface. From the constant KA of a particular gage, the 
change in pressure responsible for a given output of charge is inferred. 

Since values of K are given in the literature, it may be inquired 
why calibration is necessary; why not simply multiply K by A? There are sev- 
eral reasons. The piezo constant is not the same for various specimens of 
tourmaline. It is difficult to know which of the values found in the liter- 
ature is a correct value for the sample used in the gage. 

In the case of the quartz gage there are two sources of possible 
error in computing KA rather than in determining it experimentally. In the 
first place, few quartz crystals are altogether free from "twinning" of 
right-handed and left-handed quartz. Twinning reduces the effective K of the 
crystal, since the two types of quartz show opposite polarities. Secondly, A 
is not known precisely. As pointed out in the Appendix, it is necessary that 
an air gap surround the quartz crystal laterally. The brass cover which 
transmits the external pressure to the crystal is supported partly by the 
erystal and partly by the cylindrical wall of the housing; see Figure 3 on 
page 6. Moreover, a portion of the brass cover lies over the air gap. Thus 
the effective area A subjected to pressure differs from the electrode sur- 
face of the crystal alone. Though it is possible to estimate approximately 
how much of the area over the air gap is supported by the crystal, it is not 
easy to compute this exactly. However, if the gage is calibrated, it is not 
necessary to know A, since the product KA is obtained directly. 

For these reasons it is desirable to determine experimentally the 
constant KAof each gage. Now for any particular method of calibration, re- 
sults of high internal consistency are not incompatible with the occurrence 
of a systematic error. To ensure reliable KAvalues, therefore, it is impor- 
tant to compare the results obtained by a given method of calibration with 
those obtained by another method, and, if possible, by an independent obser- 
ver. At the Taylor Model Basin, in addition to the alternative methods of 
applying a pressure change which have already been described, experiments 
have been made with several different circuits for measuring the charge. One 
or these has proved especially successful, yielding results which not only 
show internal consistency but which agree closely with those obtained for the 
same crystals in other laboratories. Experiments have also been performed by 
two other methods of calibration. One of these used a Compton quadrant elec- 
trometer; the other utilized a "microcoulometer" or high-impedan > current 
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amplifier and a moving-coil galvanometer. These latter two methods have the 
disadvantage of requiring exceedingly high gage impedance, at least 30,000 
megohms, for successful operation. The oscillographic method, on the other 
hand, requires an impedance of only about 10 megohms. The various calibra- 
tion techniques will now be described. 


Oscillographic Recording 

In this method of calibration the pressure is released by a burst- 
ing diaphragm, and the output is recorded on the screen of a cathode-ray tube. 
The gage is shunted by a mica 
capacitor and connected into the 
amplifier of a Du Mont Type 208 
cathode-ray oscillograph. A hori- 
zontal time sweep is provided by 


1000 Ibsin@ 


a TMB sweep generator and synchro- 


[+ ol 1 mitsisecona nized with the pressure release by 


- a simple trigger circuit. The out- 


Figure 21 - Calibration Record Obtained 
with the Direct Oscillographic Method Put of the crystal as it is sub- 


The pressure inside a calibration chamber is released jected to a pressure change appears 

by puncturing a thin brass diaphragm. The time as a voltage-time curve on the 
ee te a screen of the cathode-ray tube; 
see Figure 21. It is photographed 
with an Ektra camera, and the film records are measured with a micrometer 
microscope. The time required to release the pressure by puncturing a dia- 
phragm, about 0.2 to 0.3 millisecond, makes the process especially amenable 
to oscillographic recording. The event is fast enough so that the required 
RC is not dnconveniently large; on the other hand, it is slow enough so that 
the demands of flat frequency response on the amplifier and adequate beam in- 
tensity on the cathode-ray tube are not excessive. The slow descent of the 
portion of the curve to the right of the peak gives an indication of the 
large RC, 40 milliseconds, which was used. This time constant is so large 
compared to the time required for the release of the pressure that the leak- 
age error in the measurement of peak pressure, as in Figure 15 on page 25, is 
less than 1 per cent. For time calibration a sine wave of known frequency is 
fed into the amplifier from a Hewlett-Packard oscillator. The amplitude is 
calibrated by putting a step voltage from a potentiometer into the amplifier 
of the Du Mont oscillograph. 

Table 4 gives the results of a typical set of calibrations on five 

tourmaline crystals. Each KAvalue cited in Column 3 is the result of the 
number of determinations or "trials" indicated in Column 2. Thus the KA value 
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TABLE 4 


Piezoelectric Calibration Constants of Typical Tourmaline Gages 


coulombs per pounds 
per square inch 


for Gage 275 is based on the measurement of 36 oscillograms like the one in 
Figure 21. The deviation given in Column 3 is in every instance the standard 
deviation. It will be seen that the KA determinations for a given gage are 
internally consistent to within one or two per cent. 

It is interesting to compare these KA values with those obtained 
for these same crystals by the Exploration Laboratory of the Stanolind Com- 
pany,* from whom the plated crystals are procured. Their figures are listed 
in Column 4, and the percentage differences between these values and those 
obtained at the Taylor Model Basin are given in Column 5. The TMB calibra- 
tions differ from those of Stanolind by 2 per cent or less. It should be 
emphasized that the two sets of calibrations were performed by independent 
observers using different techniques. One of these gages, XT-503, was pre- 
viously calibrated by the Underwater Explosives Research Laboratory at Woods 
Hole; the value obtained there is in agreement with Stanolind's within 1 
per cent. 

From the value of KA and the measured area of A of the crystals 
listed in Column 6, the piezoelectric constant K of the tourmaline used in 
these gages is computed. The values of K deduced from the Taylor Model Basin 
determinations and from those of the Stanolind Laboratory are listed in Col- 
umns 7 and 8 respectively. These figures may be compared with those computed 
from piezoelectric moduli given in the International Critical Tables (10). 
Using the moduli of Riecke and Voigt found in these tables, the piezoelectric 
constant of tourmaline along its electrical axis when the crystal is subjected 


Dr. Daniel Silverman of the Stanolind Company carried out these calibrations with a microcoulometer. 
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to hydrostatic pressure is computed to be 1.078 x 1071! coulombs per pound. If 
the moduli determined by Réntgen are used, a value 1.087 x 10°" coulombs per 
pound is obtained. The agreement with either of these values is thus quite 
satisfactory. 


Quadrant Electrometer 

An alternative method of calibrating the piezoelectric gage utilizes 
the Compton quadrant electrometer.* This instrument possesses much higher 
sensitivity than that required to measure the typical output of a TMB piezo- 
electric gage. By shunting the gage with a total capacitance of about 0.01 
microfarad, as illustrated in Figure 22, a potential difference of about 0.1 
volt was impressed on the quadrants. Although the instrument is capable of 
many refined sensitivity adjustments, it was found possible to get the de- 
sired range of sensitivities merely by varying the needle potential between 
45 and 65 volts. Because of the high capacitance in parallel with the gage, 
the instrument was usually stable and free from excessive drift. However, 
for satisfactory operation the impedance of the electrometer system had to be 
kept high, of the order of 50,000 megohms. Gages of lower impedance could 
not be calibrated with the electrometer. To prevent moisture from collecting 
on the insulation, a small quantity of calcium chloride was kept inside the 
casing of the electrometer as well as inside the box which shielded the 
switches and capacitors. 

Gages were calibrated in the following manner: After the needle 
potential was adjusted for the desired sensitivity, the "floating" quadrants 
were grounded by momentarily closing switch Ky; see Figure 22. Then, with K, 
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. 
= 
o > 
= E wo — 
Sve = o= 
c os 
2 ae — 
Q vt 


Standard 
Cell 


zz Shielding Box Quadrant — 


Figure 22 - Electrometer Calibration Circuit with Potentiometer 


The deflections of a Compton quadrant electrometer are calibrated by putting a known voltage 
on the needle with a Leeds and Northrup Type K potentiometer. 


* The electrometer was obtained on loan through the courtesy of Dr. L.E. Curtis of the Radioactivity 
Section, National Bureau of Standards. 
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in position A, the pressure on the crystal was released. The corresponding 
ballistic deflection was read on a scale about 1 meter from the electrometer. 
This was repeated for various pressures. 

Voltage calibration of the scale was carried out as follows: First 
K, was momentarily closed. Then K, was thrown to position B, charging up a 
mica capacitor C, to a potential difference which was precisely determined 
with a Leeds and Northrup Type K potentiometer. By reversing K, the known 
voltage was impressed upon Co and the quadrants. Deflections of the needle 
were observed for a suitable range of voltages. 

Voltages AV were plotted against corresponding pressure changes AP 
and a "best line" was drawn. Usually the experimental points were so nearly 
collinear that the slope AV/AP could be determined without recourse to the 
method of least squares. The piezoelectric constant KA of the gage is given 
by C(AV/AP), where C is the total capacitance in parallel with the gage. C 
was measured with a Schering 
capacitance-bridge circuit 
manufactured by the General 
Radio Company. 

The results obtained 
with this method of calibration 
are described at the end of the 
next section. 


Microcoulometer 

A third calibration 
technique makes use of an im- 
pedance coupler, Figure 23, 
with a large time constant, 
together with a voltmeter con- 


sisting of a moving-coil gal- 
vanometer* in series with a Figure 23 - Piezoelectric Gage Impedance 
suitable resistance. This voup Ler ee pare? Jere oe ay 
circuit has been called a mi- 

crocoulometer. It has an in- 

put impedance of 30,000 megohms and an input capacitance of 10° farad. Hence 
its time constant, about 200 seconds, is long in comparison with the time of 
deflection of the galvanometer coil, which is about 2 seconds. By the switch 
K), Figure 24, either the piezoelectric crystal or a potentiometer may be 


* the galvanometer employed is manufactured by the General Electric Company under Serial Number 32C. 
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Crystal 
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Figure 24 - Calibration Circuit Employing 
the Microcoulometer 


The circuit in Figure 23 is represented by the box 
labeled "Impedance Coupler." The "input" and "output" 
of Figure 23 correspond to connections K, and K,, 
respectively. The galvanometer G together with the 
series resistance R constitute the voltmeter. 


Impedance 
Coupler 
(Microcoulometer) 


scale deflections of the galvanometer for each release of pressure. 


connected to the input of the 
impedance coupler. With K, the 
output can be fed either into the 
galvanometer or into a Simpson 
test set. 

The following calibra- 
tion procedure is used: First 
the gage is momentarily shorted 
by the switch K,. Then the var- 
fable resistor in the impedance 
coupler is adjusted until the 
output potential is zero. For 
preliminary adjustment of the 
output, the test set is a conven- 
tent indicator. In the interest 
of uniformly high accuracy, it 
is desirable to get nearly full- 
This is 


achieved by varying the series resistance R, which controls the galvanometer's 


voltage sensitivity. 


To translate galvanometer deflections into volts, the potentiometer 
is employed in much the same manner as that described for the electrometer. 
Several voltages are applied to the microcoulometer for each value of R pre- 
viously used, and the corresponding galvanometer deflections are noted. With 
these data it is possible to plot voltage against pressure change and as be- 
fore, KA is determined from C and the slope AV/AP of the curve. 

The values of the calibration constant KA obtained with the elec- 
trometer and the microcoulometer are between 7 and 13 per cent lower than 


those determined with the oscillographic recording technique. 


The oscillo- 


graphic values are judged to be correct within the experimental error, inas- 
much as they have been independently substantiated by workers in two other 


laboratories. 
that found by both Voigt and R6ntgen. 


Moreover, they lead to a value of K which agree closely with 
Both the electrometer and microcoulome- 


ter methods offer considerable difficulty because of the high input impedance 
which must be maintained for successful operation; the former is especially 


troublesome as it requires an impedance of 50,000 megohms. 


The discrepancy 


of 7 to 13 per cent has recently been accounted for (25). 


Program for Further Piezoelectric Calibration Studies 
Several important questions concerning piezoelectric calibrations 


remain to be answered. 


Some observers have found an indication of a differ- 


ence between the KA value determined with a "bare" crystal, i.e., before the 
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insulation is coated on, and the value obtained after the gage has been coated 
with rubber. This question is being investigated.* 

It is also planned to study the effect, if any, on KA when the gage 
is subjected to a series of explosions. In this connection it should be ob- 
served that the oscillographic calibration technique has a great advantage 
over the other methods, in that it can be applied to a gage after repeated 
explosions. It is found, for example, that the impedance of a gage after 
several explosions usually drops well below the 30,000 megohms required for 
calibration with the microcoulometer. Hence recalibration by this method is 
impossible. On the other hand, the oscillographic method does not demand an 
impedance of more than about 10 megohms, and the gage impedance seldom drops 
below several hundred megohms. When it does, the gage becomes useless in any 
event, for the RC of the gage circuit is then too small. 


CALIBRATION OF THE GLASS RESISTANCE GAGE 

The glass resistance gage is calibrated with a Wheatstone bridge. 
The gage is sealed into the pressure chamber in the same way as are the piezo- 
electric gages, except that a brass washer soldered to the cable above the 
glass element facilitates the closure. 

A series of pressure increments AP up to 6000 pounds per square 
inch are then applied to the gage, and the change AR, in its resistance is 
measured. Displacements on the galvanometer scale, which are proportional to 
the resistance changes AR,, are plotted against AP. From the slope of the re- 
sulting line the calibration constant of the gage 1/R, (AR,/AP) is obtained. 
Values of this constant are of the order of 1.5 x TOPs Soma pax equene noe 
Since R, is about 100 ohms, AR, is of the order of 0.015 ohm for a change in 
pressure of 1000 pounds per square inch. 


PART 5. GAGE PERFORMANCE IN TESTS 
UNDERWATER EXPLOSION TESTING 

It was thought desirable to test the piezoelectric gages under a 
variety of circumstances, using larger charges than could be fired at the 
Taylor Model Basin at the time this work was done. Tests were therefore con- 
ducted by Taylor Model Basin personnel at the Underwater Explosives Research 
Laboratory, Woods Hole. Considerable work on explosion pressures had been 
done by investigators at that laboratory with tourmaline gages manufactured 
by the Stanolind Company, and some of these gages were available for direct 
comparison with TMB tourmaline gages. Therefore it was decided to concentrate 


* Dr. A. Borden reports that preliminary experiments indicate a difference of less than 1 per cent 


between the bare and the coated crystals. 
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initially on testing the performance of the tourmaline gage rather than that 


ef the other gages. The recording facilities at Woods Hole were generously 
made available. The overall frequency response of the cable and amplifier 


was good to 300 kilocycles per second. 


PRESSURES IN OPEN WATER 


A welded ring 9 feet in diameter of 1 1/2-inch steel pipe was used 
for the mounting of charges and g&ges; see Figure 25. The charges, which 


Figure 25 - Welded Steel Ring Used for 
Mounting Charges and Pressure Gages 
This ring was used by TMB personnel in tests at 

the Underwater Explosives Research 
Laboratory at Woods Hole. 


ranged from 50 to 250 grams of loose 
tetryl, were placed in the center of 
the steel ring. The gages were 
mounted in the plane of the ring. 36 
inches from the charge. The charge 
and the gages were secured by verti- 
cal and horizontal wires. The wires 
in turn were attached to vertical 
steel rods passed through drilled 
holes in the 9-foot ring. 

Three gages and recording 
channels were ordinarily employed; 
these gave at least two good records 
for each explosion. Two of the 
gages were usually the TMB copper- 
cable tourmaline type, whereas the 
third was a similar tourmaline gage 
mounted on a Belden 8400 rubber- 
sheathed cable; the latter gage was 
supplied by the Underwater Explosives 
Research Laboratory. The tetryl was 
detonated by firing a Number 8 deto- 
nator cap placed in the center of 
the charge. 

Figure 26 shows photograph- 
ic reproductions of some typical rec- 
ords. Table 5 summarizes some of the 
results obtained. Peak pressures re- 
corded by the two types of gages gen- 


erally agreed within 3 per cent. The average deviation of the pressures 


recorded by a single gage was also about 3 per cent. 
After the consistent operation of the tourmaline gages when used 
with charges of this size had been established, it was decided to test their 
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Figure 26a - Record Obtained with a TMB Figure 26b - Record Obtained with a Gage Supplied 
Tourmaline Pressure Gage by the Underwater Explosives Research Laboratory 


Figure 26 - Pressure-Time Oscillograms Obtained 
with Two Tourmaline Gages in Open Water 


150 grams of tetryl 3 feet from the gage was used in each of the two explosions. 


TABLE 5 
Peak Pressure and Duration of Explosions as Registered 
by Tourmaline Piezoelectric Gages 


The distance from the gages to the charge was 36 inches, plus or minus 1 inch. 


Peak Pressure 
pounds per 
square inch 


Duration 
microseconds 


Number of 


Gage Records 


TMB* 3140 + 110 
UERL** 3010 + 120 
3840 + 140 
3840 50 
3740 + 125 
3880 65 
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* nTMB" refers to a Taylor Model Basin gage. 


* WWERL" refers to a gage belonging to the Underwater Explosives Research Laboratory. 


performance when used with explosions of 1 ounce or less of tetryl.* In ad- 
dition a comparison of the records obtained with tourmaline gages with those 
of the quartz and glass gages has been undertaken. These investigations are 
still in progress, and the results will be given in a subsequent report. Ex- 
perience in these tests has shown clearly that the task of obtaining valid 

pressure-time records of explosions is greatly complicated when small charges 
are employed. For reasons set forth elsewhere in this report, the shorter 


* r 
The upper limit of 1 ounce was imposed by the fact that these tests were to be performed at the Taylor 
Model Basin, where facilities for larger explosions were then not available. 
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duration of such explosions imposes requirements upon the pickup, amplifier, 
Sweep generator, and cathode-ray tube which are much more stringent than for 
explosions of larger charges. 


PRESSURES AT A SURFACE OF AN UNDERWATER STRUCTURE 

A modified form of the tourmaline gage has been used to obtain 
pressure-time records at a surface. The rubber insulation is molded about 
the crystal and also in a cavity sunk in a brass plate. The latter is bolted 
to the surface of an underwater structure; see Figure 6 on page 9. Thus far 
only preliminary comparisons have been made between this surface type of gage 
and the usual open-water type. 

The brass plate was bolted to the center of a piece of plywood 2 
feet square by 1.5 inch thick. The plywood was supported only by a rope so 
that it was free to move in the water. A 22-gram charge of tetryl wes placed 
20 inches from the surface gage so that the line joining the gage and the 
charge was perpendicular to the plane of the plywood. An open-water type of 
tourmaline gage, also placed 20 inches from the charge, served as a compari- 
son pickup. 

Figures 2/a and 2/b show a typical pair of comparison records. Two 
interesting differences always appear in these comparisons. The surface gage 
shows a higher peak pressure than is observed in open water; the ratio of 
these peak pressures is somewhat less than 2. The time histories of the two 
records are strikingly different. In Figure 2/7b the pressure indicated by 
the surface gage has dropped to zero in a time interval during which the pres- 
sure indicated by the open-water gage has decayed only to approximately 1/3 
of its peak value. ; 


ee 
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Figure 27a - Explosion Pressures in Open Water Figure 27b - Explosion Pressures on a Surface 
of an Underwater Structure 


100 microseconds abe aad 


Figure 27 - Comparison of Explosion Pressures on a Surface 
of an Underwater Structure and in Open Water 


The record in Figure 27a was obtained with the usual type of open-water gage; that in Figure 27b 
with a surface-type of tourmaline gage sunk into a brass plate. The return to zero 
pressure is much more rapid on the surface than in open water. 
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The approximate doubling of the peak pressure is to be expected be- 
cause of the reflection of the pressure wave that takes place at the surface 
of the brass plate. Professor Kennard of the Taylor Model Basin staff has 
offered the following explanation for the rapid fall of the pressure to zero 
which is indicated by the surface gage. The pressure wave impinges upon the 
brass plate and causes it to move initially as if it were backed by air, be- 
cause of the small acoustic impedance of the plywood. The brass plate under- 
goes very large accelerations and after a certain time t, cavitation occurs 
in the water. If we assume that cavitation sets in at zero pressure, and 
that the form of the shock wave is given by eink then the time t, at which 
the record should indicate zero pressure is (26)* 


1 
2—l 


1 
= — In x 
a 
where 


pe 
am 


pe is the specific acoustic impedance of the water; m is the mass 
per unit area of the brass plate. 

a was determined from the open-water record given by Gage 280 in 
Figure 27a. It is approximately 28,300 seconds * 
0.075 pound per square inch. This gives 


if t is in seconds; mis 


t, = 35.3 microseconds 


Direct measurement on the curve in Figure 27b gives 35 microseconds for the 
time required to reach zero pressure. 


USE OF THE TOURMALINE GAGE IN STUDYING A SLOWER PRESSURE CHANGE 

The duration of an explosion of 100 grams of tetryl is about 50 
microseconds. Recently the TMB tourmaline gage has been used to study pres- 
sure changes which are a thousand times as slow as this, i.e., about 50 to 
100 milliseconds in duration. 

The phenomenon under investigation was the load on an experimental 
6-inch, 47-caliber, high-angle turret due to the recoil of the guns when they 
were fired. The shock of recoil is absorbed by a hydraulic brake or buffer. 
A 1/3-scale model of the turret at the Philadelphia Navy Yard was used for 
this test. The load due to recoil was simulated by the impact of a 2000- 
pound car rolling down an inclined track, and striking the piston of the 
buffer (28) (29). 


* See also Reference (27), which deals with the explosive load on underwater structures as modified 
by bulk cavitation. 
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From a measurement of the 
peak pressure inside the buffer the 
peak load can be deduced. This 
measurement has usually beem made 
with a Crosby high-pressure engine 
indicator. It was desired to cal- 
ibrate this instrument against a 


tourmaline gage. 
The gage was sealed into 
the buffer by a special adapter. 


(0) 50 milliseconds 


Figure 28 - Oscillogram Showing Pressure 
as a Function of Time Inside a 


Hydraulic Brake or Buffer An RC constant of 1 second was pro- 
This record was obtained with a TMB tourmaline gage. vided by shunting the gage with a 
The duration of this phenomenon is about 1000 times 01 f 
that of typical explosions described in this report. 0. -microfarad capacitor and using 


a cathode follower with an input 
impedance of 100 megohms. A trig- 

ger circuit was designed in which a capacitor discharge, actuated by mechan- 
ical contact of two wires, set off the sweep. Contact was made at a prede- 
termined time before impact when a bolt projecting from the moving car pushed 
one wire against the other. To record the pressure-time curve, a Du Mont 
Type 208 cathode-ray oscillograph was used together with the auxiliary equip- 
ment usually employed in recording transient pressures at the Taylor Model 
Basin. 

The car was released from various heights up to 20 feet, and a 
pressure-time curve was obtained for each impact. Figure 28 shows a typical 
record for a 15-foot drop. The initial, sharp pulse is due to a shock- 
pressure wave transmitted through the buffer. This is followed by the main- 
peak portion of the curve which shows the variation of pressure insPde-the 
cylinder as the piston moves through it. 

In an effort to check the validity of the pressure-time curve, the 
change in momentum mv of the car due to impact was compared with the total 
impulse [Fat deduced from the area under the pressure-time curve.* mis the 
mass of the car; v its velocity at the initial moment of impact; F = Pa, where 
P is the pressure recorded by the gage at time t, and a is the area of the 
piston. The integration, performed with a planimeter, is extended over a 
time from the initial moment of impact until the pressure returns to zero. 
The impulse measured in this way agreed with the calculated change in momen- 
tum to within 5 per cent. 

Thus, besides its usefulness in explosion research, the TMB tourma- 
line gage appears to be equally suitable for the measurement of much slower 
pressure changes. 


%* The recoil velocity of the car is negligible. 
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APPENDIX 
CONSTRUCTION OF THE QUARTZ PIEZOELECTRIC GAGE 


Figure 3 is a view of the quartz gage with a section cut away to 
show the various components. The principal parts of the gage will first be 
described, then the details of its construction. 


Quortz Crystal Brass Cover 
Brass Pan 


Solder Joint 


Electrode 


Ss 


as 
VA 


Shellac Bross Tube 


Bokelite Bushing 
Solder 


Insulated Wire 
from Electrode 


Copper Cable _ 
Filled with Wox 


Figure 3 - Components of the TMB Quartz Piezoelectric Gage 


The brass housing consists of three parts: a "pan" which contains the crystal; a cover; and a brass 
tube which is silver-soldered to the pan. A cylindrical, X-cut quartz crystal is cemented on one side 
to an electrode consisting of a thin copper disk, and on the other to the cover of the brass housing, 
through which it is grounded. The use of a copper disk for the electrode obviates the trouble of 
electroplating. Laterally the crystal is surrounded by an air gap which is required because quartz 
is insensitive to isotropic pressure. It is the need for this air gap which makes a housing necessary. 


DESCRIPTION OF THE PRINCIPAL PARTS 

The copper electrode is insulated from the brass pan by a thin 
sheet of mica. It is connected to the central lead wire, which is covered 
with enamel and a double layer cf glass fiber. The space between this insu- 
lated wire and the concentric copper tube is filled with ceresin wax. Near 
its entrance into the pan the wire is insulated from the brass tube by a 
bakelite bushing. The crystal is so oriented that a compressional force pro- 
duces a negative charge on the surface next to the copper electrode. When 
the gage is in use, the electrode is connected to the grid of an amplifier 
tube; thus the grid is charged negatively during compression. The brass 
housing is sealed watertight by soft-soldering the cover to the pan. 
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ASSEMBLY OF THE GAGE 

Before assembly the various components of the gage are prepared as 
follows: an annealed copper-tube single-conductor cable is filled with wax, 
using a technique developed at the Taylor Model Basin (18). The outer sur- 
face at one end of this cable, as well as the inner surface of the brass tube 
to which it will be soldered, are tinned. The lateral surface of the cover 
is also tinned to prepare it for soldering to the pan. Pure orange shellac 
erystals are heated until they just melt; then thin coats of shellac are ap- 
plied to the inside surface of the cover and pan, as well as to both surfaces 


Housing 


Copper Electrode 


Central Wire cele @Q 
ee 5 


After Peening 


: ; 
es Reaver a oe - 
: Before Peening 


sae : 


e . 


Bakelite ~ Shellac Mica Quartz Brass 
Bushing Crystals ~ Grystal Cover 


TMB 9082 | 


Figure 29 - Details of Assembly of the Quartz Gage 
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of the quartz crystal and mica.* Before the shellac has dried, the mica is 
cemented to the pan; similarly, the crystal is attached centrally to the 
cover. The slight depression in the cover serves a dual purpose: It helps 
in aligning the crystal, and later when the gage is finally assembled, the 
wall of the depression prevents the crystal from slipping sidewise off the 
electrode; this ensures that the full area of the crystal is utilized. 

Before the wire is connected to the electrode, the copper cable is 
pushed into the brass tube farther than it will be in the completed gage, so 
that the wire emerging from it protrudes beyond the pan. A bakelite bushing 
is then slipped over this wire. The end of the wire is bared and attached 
to the electrode at the slit with a peening hammer, seo Figure 29. A tight 
friction joint results; the short length of wire in the slit becomes virtually 
a part of the electrode. Then, while the bakelite bushing is inserted into the 
brass tube, the cable is pulled back until the copper electrode lies concen- 
trically over the mica. The cover with the attached crystal is forced into 
the pan with a small C-clamp, and presure is maintained by this clamp while 
the cover is soft-soldered to the pan. During the soldering the shellac 
films remelt; thus, upon cooling, the various components are bound firmly to- 
gether. Finally, the copper cable is soldered to the brass tube. The C-clamp 
is removed only after the metal has cooled. In both soldering operations 
great care is taken to keep the surfaces clean, so that the joints will be 
impervious to water under explosion pressures. If all the work has been done 
properly, the gage is now complete and ready for testing. 


STATIC TESTING OF THE GAGE ° 

At this stage the impedance of the gage is measured. For calibra- 
tion with the microcoulometer described elsewhere in this report, the imped- 
ance should be at least 30,000 megohms. Next, to make sure that the gage is 
watertight, it is sealed in a pressure chamber and subjected to hydrostatic 
pressures up to 3000 pounds per square inch. Once more the impedance is meas- 
ured. If the latter has dropped below its pre-immersion value, then the sol- 
dered joints may be leaky. If, on the other hand, the impedance is still 
high, the gage is ready for calibration. 


SURFACE-PRESSURE MODIFICATION OF THE QUARTZ GAGE 
The housing of the quartz gage has been successfully adapted to the 
measurement of explosion pressures on the surface of an underwater structure. 


* When the crystal is subjected to a change in pressure the opposite charges developed on its two 
faces are transmitted by induction to the central electrode and the grounded cover, respectively, 
through the layers of shellac. 
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Figure 4 - Modification of Quartz Gage for Attachment to a Surface 


A nut is soldered to the bottom of the housing. and a threaded stud is soldered 
to the surface at which the pressure is to be measured. 


A brass nut whose outside diameter is the same as that of the pan, 1/2 inch, 
and whose inside diameter is 1/4 inch, is silver-soldered to the bottom of the 
housing. Since this nut is only 0.08 inch thick, it does not add excessively 
to the size or mass of the gage. A brass stud 1/4 inch in diameter and 0.075 
inch thick is threaded to fit the nut. This stud is soldered to the surface 
under investigation, and the gage is then screwed down securely over the stud. 
Figure 4 shows the brass mount before and after adaptation to the surface type 
of gage, together with the nut and stud used in the conversion. 

This type of "surface gage" has been designed so that it can be 
firmly attached not only to a rigid surface, but also to the surface of a dia- 
phragm subjected to explosive loading. In the latter case the brass-plate 
type of tourmaline gage illustrated in Figure 6, on page 9, is inapplicable, 
as it is much too massive. 
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THE ELECTRIC POTENTIALS PRODUCED IN THE CONDUCTORS 


OF A SUBMERGED CABLE BY UNDERWATER EXPLOSIONS 


A, H. Bebb and R, V. Bund 
a Re OV Bundy 


October 1945 
ober 1945 


The origin of "cable Signals” has been qualitatively analysed and 
methods of treating the cable are discussed with the object of reducing 
these Signals, One specified treatment has been shown to effect a 
redustion of 500 times, 


INTRODUCTION. 


of polythene, the outside diameter of which is 0.43", hig is further 
covered with a tough rubber Sheath, and the overall diameter of the cable 


The constants of this cable are as follows:- 


a) Inductance: 0.43 uw H per metre; 
b Capacity: 59 up F per metre; 
Surge impedance: 85 ohms; 
The variation of capacity with frequenay up to 
1 megacycle/second is negligible. 


A reduotion of Some 500 times has been achieved by coating the inner 
telcothene core of the above cable with graphite or aquaedag: this, of 
course, is the surface which is in intimate contact with the outer conductor 
of tinned copper braid. 


Road @ecce 
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Road Research Laboratory working on the theory that cable signal arises from 
frictional charges in the oable dielectrio. 


The cable based on this research, was produced by Messrs. Callender 
and was tried here, but, although apparently entirely suitable for blast and 
small scale underwater work, it provided unsuitable for the conditions of 
trial required in this Establishment. 


The present report therefore deals with the continuation of the 
rescaroh, applying the general prinoiple to the particular cable defined above. 


The principle used in measuring oable signal is as follows; the cable 
is scalcd at one end and a length of several feet is subjected to hydrostatio 
pressure. The pressure is suddenly released by bursting a copper diaphragm 
and the signal received, amplified by mcans of a tvo-yalve amplifier, and 
then recorded on a cathode ray oscillograph. The amplifier had a reasonably 
flat response between 100 c/s and 50 ko/s. 


The use of long cables, properly terminated, together with the design 
of en amplifier for use with both large and small gauges, is being proceeded 
with; but in this conneotion it need only be stressed that for the tests 
described in this report the length of cable was kept approximately constant 
and as short as possible, and that the same amplifior and recording equipment 
was used throughout these tests. 


It will be showm that the minimun size of gauge thet oan be used for 
pressure-time measurements of an underwater explosion is entirely dependent 
upon the cable signal reduction that oan be achieved. To use small gauges 
without reducing cable signal to the order of 1% of the peak pressure expected 
from the explosion wave can cause incorreot interpretation of the reoords, 
particularly in impulse and energy determination because of the long duration 
of the cable signal. The oable signal value for any cable used with piezo- 
electric gauges must therefore be known. If it is not small, a correction 
for it may cause considerable ambiguity in determining the three main 
propertics from an explosion wave record. 


EXPERIMENTAL PROCEDURE AND RESULTS. 


The work that has been carried out on cable signal has been 
intermittent. For example, the cable developed for use with piezo- 
electric gauges has been brought to this final design for reasons explained 
in the report already referred to in the introduction; other cables of a 
standard type have been tested also for cable signals, in order to aim at an 
understanding of the causes of oable signal. Reference to those will not 
be made except where evidence helps to explain this phenomenon. 


(a) Test with "standard" cable; tough rubber sheath outer 
covering (1.8.3) 


Omitting the graphite layer, Plate 1 illustrates the cable used in 
the test. One end was completely scaled. The central conductors were 
sealed inside the inner teloothene core, and the braid inside the outer 
telcothene core. The outer tough rubber sheath was then rubber taped to 
prevent water from seeping through to the surface of the outer telcothene 
layer. The insulation resistance of the cable under test (capacity 
0.0014 F) was infinite, both between the central conductor and the braid, 
and between the braid and the outside pressure calibration pot or laboratory 
carth as measured by a 2500 volt megcer. Eightcen feet of the cable was 
placed inside the pressure pot and then subjected to a pressure of 
1000 lbs./in.*. The cable had to be shunted with a capacity of 0.075, F 
so that the deflection on the cathode-ray tube, expressed in volts, did not 
exoeed the linear output voltage of the 2 valve amplifier (amplification 625). 
Later as the cable was withdrawn from the pressure pot, the shunting capacity 
was reduced to 0.0204 F. The cable signal records obtained by a sudden 
release of pressure, ise. by bursting the copper diaphragms, are shown in 


Plate 2 sees. 
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Plate 2; the spare spot on each oscillogram representing a sine wave 
oscillation of period 0.001 sec. The defleotions have been measured and 
Table 1 gives the results obtained. Graph 1 shows how the cathode ray 
deflection varies with the length of cable subjected to pressure for the 
two values of oircuit capacity. 


From either of these two curves, the cable signal per foot of cable 
can be determined. Both curves give practically the same value, and this 
can be expressed by stating that if the cable capacity were 2500yuyF, and 
no amplifier were used, the voltage produced across the cathode ray plates 
would be 00178 volts if 1 foot of cable were subjected to a pressure of 
1000 lbs./in.*. . 


(b) Test with standard cable; a P.V.C. outer covering 


A cable similar to the "standard" type but having e plyvinyl chloride 
covering instead of rubber was used to examine the variation of signal with 
pressure. Graph 2 gives the results obtained. For a cable capacity 
cireuit of 2500uuF the voltage produced across the cathode ray plates would 
thus be 0.121 volts if 1 foot of cable were subjected to a pressure of 
4000 lbs./in.?, It is interesting to note here that the commencement of 
cable signal measurements, about 30 feet of this cable Gives with the P.V.C. 
covering) was subjected to a release pressure of 1000 1bs./in.* when the 
cable was connected direct to the cathode ray plates in a circuit of 
approximately 2500 uu F capacity, a deflection of about + mm. was obtained. 
This figure is now confirmed of course by the more elaborate results 
obtained later and given above. (C,.R.0. film sensitivity = 15.85 volts/mm). 


(c) Test with Admiralty Pattern rubber covered cable. 


Primarily with the object of obtaining evidence as to the cause of 
cable signal, and also with a view to determining the signal given by such 
rubber covered cable as were used by former workers with large piezo- 
eleotric gauges, \dmiralty Pattern 1888 cable was next examined. This 
consists of 19 strands of tinned copper wire, each strand being 0.018" in 
diameter, bound with a tough rubber sheath to an overall diameter of 
approximately 0.35"; a photograph of this cable appears on Plate 1. 


The results obtained showed that under the same conditions of 
subjecting 1 foot of cable to a pressure of 1000 lbs./in.* in a cirouit of 
capacity 2500 uF. the voltage developed across the plates of the cathode 
ray tube would be 0.040 volts, but the direotion of the cable signal was 
opposite to that obtained for the two telocothene cables. 


The cenclusions to be drawn fron these tests and the curves 
illustrated in Graphs 1 and 2 are that the cable signal voltage is 
(1) directly proportional to the pressure to which the cable is subjeoted, 
and (2) directly proportional to the length of cable subjected to pressure. 
In the case of the cable developed for use with piezo-electric gauges at 
Admiralty Undex Works, the cable signal is quite large, in the opposite 
direction to and about 4 times preater than that of one of the standard 
Admiralty Cables, Admiralty Pattern 1888. Moreover the oatle signal for 
the "standard cable" is in the same direction and nearly i4 times that of 
an identical cable where the tough rubber sheath has been replaced by a 
polyvinyl chloride covering. 


THE MAGNITUDE OF CABLE SIGNAL. 


At this stago it is necessary to compare the effeot of the "standard" 
cable signal with that of the gauge Signal. The piezo-electrio gauges 
being developed at Admiralty Undex Works are of three types, (4) the large 
twoeply type of dimensions 40 oms. x 4 cms. x 1 em.; (ii) the medium two-ply 
type 1" in diameter, 3" thick; and (iii) the small two-ply type $" in 
diameter, =" thick. Eight gauges of type (i) have been completed, each 
fitted with 250 yards of "standard" cable, but modified to reduce cable 


signal eeeee 
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signal in the manner described later. Type (ii) is being proceeded with 
together with the development of amplifier,and the solution of the cable 

termination problem is being pursued. ‘Type (iii) is being considered but 
at the moment is in abeyance, pending the practicability of reduoing cable 
signal even if its physical interpretation cannot be explained completely. 


In the case of the type (i) gauge, its capacity is about 200 uL F; 
and if the gauge is connected by 250 yards of "standard" cable directly to 
the cathode ray oscilloscope, the total capacity of the oircuit will be 
about 14000 HUF. The piczo-elcotric constant of the tourmaline used was 
about 2.2 x 10717 coulombs/dyne. Knowing this value, and gesuming that 
the gauge is required to record a pressure of 1000 1lbs./in.© from an 
explosion pulse, it can be calculated that the voltage developed aoross the 
cathode ray plates will be 33.3 volts. For the same length of oable, and 
assuming 30 feet of it to be subjected to the same pressure all in phase, 
the cable signal will be < 00 x 30 x 0.172 volts = 0.92 volts. Hence the 


cable signal is approximately 4% of the gauge signal, the direction being 
opposite to that of tho pressure pulse. Since the duration of cable signal 
is long, its effect on impulsc and energy is vory large with this cable. 


To consider the type (ii) gauge, its capacity is only about 20uuF, 
and under similar conditions to those already described, the voltage developed 
across the cathode ray plates will be only 1.11 volts. It is now seen that 
the cable signal may be of the same order as the crystal signal. 


It need only be pointed out that the voltage develcped across the 
type (iii) gauge oan be calculated to be approximately 0.28 volts under 
similar conditions. The cable signal voltage will therefore be over 3 times 
as large as that developed by the crystal. 


It should be noted that the untreated’ "standard" cable referred to 
in this report exhibits a rather large cable signal but the order of 
magnitude of the effect is the same over the range of untreated cables so 
far cxamined. The form of signal obtained with the "standard" cable whether 
the outer covering be T.R.S. or P.V.C. is almost identical to the signal 
obtained in calibrating large piczo-eleotric gauges in the pressure pot, 
except for direction or polarity. 


FURTHER TESTS WITH CABLE (b). 


In order to try and elucidate the properties of oable signal, it was 
next decided to try to protect the cable in the pressure pot. Two and a 
half feet of the cable with the outer P.V.C. covering was sealed inside a 
strong canvassed rubber tubing 3" internal diameter and 14" external diameter 
with a seal at either end to prevent any trace of water seeping through. 
A column of air would therefore surround the portion of cable under test. 
The reduction in cable signal was only 20% and therefore insignificant. 
(It is remarked that probable a metal tube as outer cover to protect the 
cable might have given a bettcr result, since it could withstand the 
subjected pressure without GaPounttony: 


The reinforced canvassed tube was next removed, as well as 2} ft. of 
P.V.C. thus exposing the outer layer of telcothene to the water. The 
cable signal was sensibly of the same order of magnitude although a 20% 
inorease was observed, in two tests. 


A length of cables was then obtained from the manufacturer, closely 
resembling cable (b) except that (i) the P.V.C. outer covering was removed, 
(ii) the thickness of the outer telecothene layer was increased to make the 
overall diameter approximately the same as cable (b), and (iii) a lapping 
of copper foil 0.0015" thick was taped over the outer surface of the inner 
telcothene core, ice, underncath the braid. The cable signal was still 
not significantly reduced, the value obtaincd being about 4 of that 
obtaining for cable (b). 

At cecce 


f# The explanation for this test is given later. 
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At this stage it was thought that balanced-line cables might be 
selected to give a cable signal of the order of some 10% of the maximum 
cable signal of a single-conductor cable. But from considerations of 
the magnitude of cable signal as compared to the gauge signal, already 
calculated and described above, it was realised that the order of reduction 
which might be achieved by the use of balanoed-line cables was not 
sufficiently significant, in particular, due to the difficulty in obtaining 
electrical balanco, 


TESTS ON OTHAR CABLES. 


In order to gather evidence about the origin of cable signal, tests 
were carried out on other cables. Details are not given but the following 
general conclusions were drawn from the tests. 


(1) In the case of telcothene cables, unless the braid was also covered 
with telcothene, the cable signal appeared to be inconsistent in 
value for identical repeat shots even though the insulation 
resistance between the braid and carth was kept high by choice of 
& water-proof P.V.C. covering. 


(2) When the braid was exposed to the water, the polarity of cable 
signal was reversed: this was also accompanied by some reduotion 
in the value of cablc signal. 


(3) On one particular ocoasion, the cable signal reversed in polarity 
and increased considerably in magnitude, without any trace of 
water being able to penetrate to the braid through the P.V.C. 
covering; the only change made was in washing the pot and 
refilling with new water. 


(4) A similar cable to (3) but with a considerably less overall 
diameter showed a reduction of 2 : 1 in oable signal voltage 
between observations over two successive days. 


(5) One non-telcothene cable in particular was tested - a cable 
being used extensively, it is believed, by experimenters working 
with miniature gauges. It consisted of scveral central conductors 
enclosed in a soft synthetic thermo-plastic or rubber-like 
composition, the outside of which is bound with cloth; a tinned 
copper braid surrounded this and a cotton tape was wound over it, 
and then apparently a soft P.V.C. compound served as an outer 
covering. 


With successive subjecting to hydrostatic pressure the cable signal 
exhibited a form of hysteresis effect, becoming gradually worse. When 
water penetrated to the braid, the cable signal reversal and decrease was 
again observed. The cable signal varied in value between 1/30th and 1/10th 
of that obtained for the "standard" cable. 


DISCUSSION OF RESULTS. 


It was realised that the problem of cable signal was a most difficult 
one, and might mean a long-term research programme with special facilities 
for its elucidation. But by the following reasoning, an attack was made 
which enabled a practical solution to be achieved and a reduction of cable 
signal by a factor of some 500. 


The pressure applicd to the "standard" telcothene oable apparently 
oaused an electrostatic charge to be induced, and thus a potential 
difference to be developed between the central conductor and the braid. 
This electrostatic charge was shown from the experiments already described 
to be directly proportional both to the length of cable subjected to the 
pressure, and to the pressure itsclf. Also it was found that the 


potential eese..« 
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potential difference developed, as registered by the cathode ray, depended 
upon the charge induced and on the total oirouit capacity. 


With high leakage resistance, the charge remained for a long time 
as indicated in the records. This long period may affect measurements of 
impulse and energy in the pressure pulse to a large and unknown degree. 


In the case of the cable under heading (5) in "Tests on other Cables", 
it was concluded that the frictional charging effects in the rubber 
composition dicleotrioc were reduced by the cloth and tape fillings either 
side of the braid. Water penetrating to the braid produced a reversal of 
the signal. 


It was concluded also from the telcothene cable results that the 
cable signal in the main was produced between the inner core dielectric and 
the braid. Consequently, it was presumed that if the braid made a more 
intimate contact with the dielectric, a marked reduction might be obtained. 
Hence, although it was not considered altogether sound to have a oable 
constructed similar to the “standard” cable but without an outer covering 
altogcther, since an outside rubber covering had worsened cable signal as 
compared to a polyvinyl chloride covering, yet on the other hand, tests had 
revealed that the cable signal was about the same with or without a P.V.C. 
covering: conscquently to save time such a sample length was manufacturod 
with a copper foil lapped underneath the braid. The result was disappointing 
although a three-fold reduction in cable signal was definite. 


This naturally led to the further consideration that if the inner 
dielectric core of the cable was covered with say aqua-dag or graphite, 
success might very well result. 


FINAL TESTS ON "STANDARD TREATED" CABLE. 


The inner telcothene core of the "standard" cable with its outer 
rubber covering was now subjected to an aqua-dag or graphite treatment; 
that is, the outer surface of the inner core in intimate contact with the 
braid was covered with this conducting layer uniformly sprayed over it. 


Tests carried out with sample lengths of oable gave very satisfactory 
cable signal reduction. These tests are still not quite completed but 
it is antioipated that they will prove to be completely satisfactory, when 
the cable is produced on a large scale. Results at present have proved 
that hand-made sample lengths have given a greater reduction (of the order 
of 3 times) than cable produced in long lengths of 250 yards for example. 
This discrepancy is being pursued and has been taken up with the 
manufacturer. But it can be statcd that at the present stage of production, 
the reduction is such that when 1 ft. of cable is subjccted to a pressure 
of 1000 1bs./in.? and the circuit capacity is maintained at 2500 wyzF, the 
voltage developed is 1 millivolt compared to 0.172 volts for the same oable 
untreated. Hand-made samples, where by inspeotion, the aqua-dag has been 
thicker and more uniformly sprayed has given a reduction to 4 millivolt 
under the same conditions, so that the rcduotion has been of the order of 
500 and 170 times respectively for the hand-made and the bulk method of 
manufacturing the "standard" treated cable. 


RE-CONSIDERATION OF THE MAGNITUDE OF CABLE SIGNAL. 


Taking the lower cable signal reduction factor of 170, for the 


three types of gauges already described, the following results are 
obtained: - 


Cable signal = 0.92 volts (under conditions already specified, 
namely 30 ft. of cable subjected to 1000 1bs./in.@ 
in a trial where 250 yards of standard cable of 
total capacity 14000 wu F is used). 

Hence cable signal now = o.88 = 0,005 volts. 


(Al) Breceierars 
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(4) For the large two-ply gauge of dimensions 40 oms. x 4 cms. x 1 cm., 
Gauge signal = 33.3 volts. 


Ratio Cable signal _ 10054 2 go. 
ee Gauge signal 505 5s Zz 


(2) For the medium two-ply gauge of dimensions 1" diameter and 4" in 


thickness, 
Gauge signal = 1.11 volts. 
Ratio Cable signal = 20054. =~ 0. 
Gauge signal dot’ =? a 


(3) For the miniature tvwo-ply gauge of dimensions $" in diameter and 
4" in thickness, 


Gauge signal = 0.28 volts. 


+o Cable signal _ .0054 : a7 
gists Gauge signal (opps) 7 BP 


If, as expected, the cable manufacturer can produce in bulk, "standard 
treatcd" cable, similar to the samples, the percentages given above will be 
reduced three-fold. 


CONCLUSIONS. 


The "standard treated" cable developed and referred to in this 
account appears to be highly satisfactory for use With both large and 
miniature gauges. These gauges are being produced at this Zstablishment 
together with piezo-electric recording equipment. 


The variation of capacity with frequency is negligible up to 
4 megacycle for this particular cable. Cable signal has been reduced to 
a reasonably small portion of the gauge signal. 
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TABLE 4 / 
SIGNALS RECORDED FOR VARIOUS LENGTHS OF "STANDARD" 


GABLE WHEN SUBJECTED TO RELEASE PRESSURES OF 1000 1bs./in2. 


TOTAL CIRCUIT CATHODE RAY 
CAPACITY AT DEFLECTION 
IN MILLIMETERS 


(u F) 


TABLE 2 % 


SIGNALS. RECORDED FOR .\ CONSTANT LENGTH (2) ft.) OF 
CABLE WHEN SUBJEOTED TO V..RYING PRESSURES. 


RELEASE PRESSURES 
(1bs./in?) 


f# Cable with outer covering of rubber 


% Cable with outer covering of P.V.C. 
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ADDENDUM 


THE ELECTRIC POTENTIALS PRODUCED IN THE CONDUCTORS 
OF A SUBVWERGED CABLE BY UNDERWATGR EXPLOSIONS. 


SUMMARY. 


Further work on the lines of this report has resulted in the practical 
elimination of unwanted signals induced directly by underwater explosions in 
cables used for piezo-clectrio measurements. 5 


DISCUSSION OF RESULTS. 


(1) Further development has proceeded with a view to reducing "cable 
signal" in the oase of the cable shown in Plate 1 of the above report. 
Two changes have been made, namely, (a) graphiting the outer surface 
of the inner core of the oable underneath the braid with a much 
thicker coating than hitherto, and (b) graphiting the inner surface 
of the inner core which is in contact with the central conductors. 


(2) The manufacturers producing specimens of this cable for experimental 
research at this Establishment have now been able to manufacture on 
production scale an equally satisfactory cable as a hand-made 
specimen. 


(3) The magnitude of the cable,signal for 1 ft. of this cable when 
subjected to 1000 lbs./in.© pressure in a circuit of capacity 
2500 nu F was found to be 0.172 volt. In the previous report 
it was observed that this value had been rcduced to 1 millivolt 
for a production length whereas a hand-made length gave a value 
of about $ millivolt. The new figure achieved is of the order 
of 40 microvolts under the same pressure and circuit conditions 
when both cffects (a) and (b) above have been introduced, showing 
a reduction in "cable signal" of some 4000 times compared with 
untreated cable. The method of carrying out the tests is the 
stendardised one described in the above report. 


(4) The implications of this improvement may be illustrated by the 
following calculations. Assuming a total length of cable 250 yards 
( capacity 14000 micro=micro farads) of which 30 fte is immersed 
and subjeoted to a pressure of 1000 lbs. per square inch is used 
with a two ply gauge $" in diameter and i" thickness then the ratio 
of cable signal to gauge signal will not cxcecd 0.1%. If the 
crystal dimensions ere reduced to 3/16" diameter and 3/32" thickness 
the ratio will be about 0.56. 


CONCLUSIONS. 


The investigations reported in the report and this addendum have 
resulted in the production of a cable in which the unwanted parasitic 
Signals due to the impact of the explosive pressure on the cable have been 
reduced to negligible dimensions. 


26 This work may be regarded as a necessary and successful preliminary 
to the development of piezo-electric gauges of dimensions small enough to 
be regarded as suitable for recording the pressure history at a point. 


ee 
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Abbreviations 


In the circuit diagrams the following abbreviations are employed: 


(a) psec = microseconds, msec = milliseconds. 
ke = kilocycles/second. 

(b) Resistance values are in ohms unless followed by suffixes 
K or M to indicate thousands or millions of ohms, For 
example 3K = 3000 ohms, Resistances are $ watt unless 
otherwise indicated. WW means wirewound,. 

(c) Capacity values are in microfarads (pf) unless otherwise 
indicated. 


(ad) Inductance values are in henries (h) or millihenries (mh). 


xil 
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ELECTRICAL INSTRUMENTS FOR STUDY OF UNDERWATER EXPLOSIONS 
AND OTHER TRANSIENT PHENOMENA 


Abstrast 


This report contains diagrams and brief descriptions of 
electronic circuits used at the Underwater Explosives Research 
Laboratory for recording transients: amplifiers for cathode- 
ray tubes, time bases, time delays, and calibration equipment. 
Most of these circuits are intended primarily for use with 
piezoelectric pressure gauges but are readily adaptable to 
other types of gauge or pickup. Related pieces of apparatus, 
such as master control units, cameras, and special firing cir- 
cuits, are also described, The requirements to be met by 
equipment used in recording transients are discussed at some 
lengthe 


I, INTRODUCTION 


In order to examine the properties of underwater explosions and their 
effects it is very desirable to be able to obtain a continuous record in 
time of such quantities as pressure, acceleration, and deformatione The 
most powerful class of tool for doing this is an appropriate eleetrical 
"transducer" for developing electrical signals proportional to the mechani- 
cal quantity. This is followed by a recording cathode-ray oscillograph to- 
gether with appropriate auxiliary equipment for its operationg The purpose 
of this report is to make available details of circuits which have been 
successfully used at the Underwater Explosives Research Laboratory (UERL), 
together with some discussion of the requirements for such circuits and 
their operation. Very little of the equipment described is wholly original -- 
some of it having been adapted from commercially available instruments — and 
much of it has room for improvement. It has, however, been developed suffi- 
ciently to obtain useful results in field work with reasonable precision. 
This report is written in the hope that information about such equipment will 
be of use to others. 

The bloek diagram (Fig. 1) represents the, various elements involved in 
recording transients by a cathode=ray tube. The signal from the gauge or 
pickup is ordinarily too small to be applied directly to the cathode=ray 
tube without an intermediate amplifier, and a voltage calibration of the 
amplifier and tube is necessary. For a permanent record of deflection 
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against time, photographic recording of the spot is made, The spot may be 
moved across the screen at a uniform rate and a still picture taken, or the 
film may be moved past the image of the spot at constant spced, If a linear 
sweep (time base) is used to move the spot, the starting of this tracer must 
be synchronized properly withthe event to be recorded by some trigger signal; 
it is convenient in some cases to add a controlled interval between the two 
by a time-delay circuit. Further, it is nearly always necessary to increase 
the cathode-ray spot intensity for a suitable time interval and again turn 
it off, because mechanical camera shutters are usually too slow and inaccu- 
ratee Some sort of calibration of the speed of the spot or film is also 
necessary and can be supplied to the tube from a reference oscillator either 
as a deflection signal or as a modulation (dotting) of the spot intensity. 

Auxiliary equipment is also necessary to provide suitable power for 
operation and, if much routine recording is to be done, master control 
(switching) circuits for the various operations are a great time saver. 

It should be noted that the equipment described in this report was de- 
veloped for use in the underwater explosion research at this laboratory. The 
instrumentation for air-blast work is to be described separately in NDRC Re- 
port A=373 (OSRD-6251). 
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1. Amplifiers 

The requirements of an amplifier for recording transient signals de- 
pend, of course, on the nature of the transient: its magnitude, the im- 
pedance of the gauge or pickup circuit, the maximum rate of change, and the 
duration of the signal, For example, shock pressures or accelerations rise 
very rapidly to a large peak value and fall to a very small value in a few 
milliseconds, whereas displacements or bubble=pulse pressures may have only 
a gradual smooth rise over a comparatively long time interval. In the first 
case, severe demands are imposed on the high-frequency response; in the sec- 
ond, the response must be good at long times after application of a signal 
if distortion is notte result. An amplifier to be used with a piezoelectric 
gauge or other high-impedance device must have a high input impedance ih 
order not to distort the signal, and under some sonditions it is essential 
that it not be microphonic as a result of shock. No matter what its use, 
the amplifier should have sufficient undistorted output to provide an adequate 
range of deflection voltage for the cathode-ray tube plates, and its gain 
should remain constant over a period of time sufficient for recording and 
calibration. 

(a) Frequency-response characteristics, -- The frequency-response re- 
quirements for recording transients can best be appreeiated by considering 
specific cases, An arlalysis which has proved useful in work at UERL is that 
of the effect of simplified response functions, which approximate the charac- 
teristics of resistance-coupled amplifiers, on a transient pulse having the 
form of a discontinuous rise followed by an exponential decay, The rocanite! 
are sufficiently simple to bring out clearly the design problems and proper- 
ties of circuit transient response and to give an approximate idea of the 


errors to be expected in practical cases. 


1 These results have been reported elsewhere in less detail; see Meas- 


urement of underwater explosion pressures, by E. B, Wilson and R, H. Cole, 
e) 230 
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(1) High-frequency response. In an ordinary resistance-coupled ampli- 
fier stage, the high-frequency response falls to zero with increasing fre- 
quency because of the shunting capacity of circuit elements (tubes, resis- 
tors, wiring) in parallel with the load resistor across which the response 
signal is developed. 

The relative response of this circuit to a signal of frequency f is 
given by 


(1) Fw) = (1 * (wr)2I8, 


where w = 27f and the "time constant" 7 = RC — where R is the load resist- 
ance and C is the total circuit capacitance in parallel with it. The quan- 
tity 7 can be evaluated from the response curve, as it is equal to 1/2nf.> 
where f, is the frequency at which the response has fallen to 70 percent of 
its value at lower frequencies, The admittance function, of which the re- 


sponse F(w) is the modulus, is 


(2) F(p) = 7eaFe 


where p = iw and i = w= 1, The transient response resulting from the 
action of this or any other admittance function on a transient pulse F(t) 
is most easily obtained by the use of Fourier transforms, or pairs, if 
these can be found for the functions involved, An extensive table of these 
pairs compiled by Campbell and Roster ee hereafter referred to as C-F, 
simplifies this procedure. 


An applied transient S(t) in the form of a negative exponential 
(3) S(t) = de 
has the transform 


M(s(t)] = A/(p + 1/e).  [C-F, Pair 438] 


2/ ; 
Ge A. Campbell and R, A. Foster, Fourier integrals for practical 
applications, Bell Telephone System Monograph B-50h. 
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The response R(t) resulting from the admittance function [Eq. (2)] is 


then the transform 


R(t) = «| F(p) mw (s(t)]| 


five Nieeh 
“M laapr + pF 176 | 
Therefore 
(lL) R(t) = +. je-*/ lappa | 5 (C-F, Pair },48] 
eee 


The result [Eq. ()] is plotted in Fig. 2 as a function of the reduced 
time t/@ for various values of the ratio 0/7. If @ —* o, corresponding 
to an input pulse in the form of a stepwise charge of infinite duration, the 
response is R(t) =A [1 - ey and it is evident that i is the time con= 
stant of the rise to the limiting value A, Unless this time constant 7 is 
much smaller than the time constant @ of the applied pulse (9/7 >> 1) it is 
evident from Fig. 2 that considerable distortion of the initial part of the 
curve and loss of peak height result. From the plot it can be seen that 
the maximum of the response curve lies on the true response curve (the curve 
marked 9/7 = o in Fig. 2). This is readily shown by the usual means from 
Eqe (4): setting the derivative of Eq. (4) equal to zero gives for time ty 


of the maximum 


(5) t= 


and substitution of this value in Eq. () gives for the maximum response - 
1/9 


~ 


(6) R(ty) = A(z) T= 7, 


-tii/9 
It is easily seen from Eq. (6) that R(t.) = Ae w/ - S(ty). 
Plots of R(ty)/A and ty/9 2s functions of the time-constant ratio 9/7 
are shown in Fig. 3. It can be seen that the maximum response R(t,,)/A 


approaches unity asymptotically as 0/7 approaches infinity, and that this 
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ratio must be very large if appreciable reduction in peak height is to be 
avoided. For example, a loss of only 2 percent of the peak requires that 
6/r = 300. Ifa pulse of time constant 9 = 50 psec is to be recorded with 
this accuracy, * = 0.17 msec, and the amplifier stage should have 70 per- 
cent of its midband response at a frequency f, = 1/2m7 = 950 ke. 

Another property of the response characteristic is that the area under 
the response curve for any value of @/r is equal to that under the applied 
transient if the integration is extended to infinite time, This appears 
reasonable from Fig. 2 and is easily proved by direct integration of Kgs. 


(3) and (4): 


bs \ i 
B(t)dt = —"— |o (i -je*/*) = (1 = ot | = AO, 


Jo Ui ibaa, c 
pe i Li 
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It is interesting to consider the area under the response curve for more 
gener2l conditions. let the response curve of the applied signal F(t) be R(t), 
and the response to an applied step signal be S(t). If the system is linear, 
the response R(t) may be expressed as a function of F(t) and S(t) by the 
superposition ureanemia. 

The relation may be written 

it 
(7) R(t) = S(O) F(t) | P(x) S'(t = x) dx, 


(0) 


where the prime superscript indicates differentiation with respect to the 
argument of the function, Im the present case S(0), the response at zero 
time to a step voltage, can be taken as zero. If we integrate from t = 0 


to t = +t', the area A(t") under the response curve is 


For a discussion of the superposition theorem, see Gardner and Barnes, 
Transients in linear systems (192). 
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Fig. 3 Response to an Exponential Pulse; high frequency attenuation, 
time of responsé. 
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Interchanging the order of integration and integrating over t, we ob- 
tain 


b! ie 
A(tt)2 | F(x) | S'(t = x) dt dx 
fo) Jo 


i 


(8) ‘) 
= | S(t! =x) F(x)dx, if S(0) <0. 
ie) 


‘ 


U 


If the applied function F(x) becomes negligible in a time somewhat less 
than tit and the step response is essentially flat over the remaining inter— 
val, the area A(t') is determined essentially by the limiting value of the 
step response at long time. For example, if the step response S(t) has a 
limiting, or shoulder, value S(oo) as t +a, and the 2pplied function is 
significant over a limited time range, the appropriate response value for 
use in area calculations is S(m). The limiting response area under the 
response curve as ah approaches infinity is 

fe 


(9) A(co) = Lim S(tt — x) F(x) dx. 


t!— 00 
Te) 
If interchanging the integration and limiting processes is legitimate, 


[8 6) 


(10) A(@) = | Lim S(t! - x) F(x) dx. 
Jo t!>@ 


For functions S(X) and F(X), which converge sufficiently rapidly to limiting 


values S(@) and zero, respectively, as X approaches infinity, this becomes 


wo 


A({w) = S(a | F(x) dx. 


Jo 
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Under such conditions, the area under the response curve is independent of 
the high-frequency response characteristics and is, except for the instrument 
factor $(w)} equal to the area under the applied signal. It is difficult to 
state any very general condition on the functions S(X) and F(X) sufficient 
to insure this result, but its legitimacy can be readily determined for any 
fairly definite set of conditions, 

(ii) Low-frequency response. The failure of electrical circuits to 
have a finite response as the frequency approaches zero is usually due to 
the presence of capacitance in the circuit as a series elenenee In the 
case of conventional voltage amplifiers, successive stages are coupled by 
condensers in order not to cascade operating potentials of the tubes, If the 
plate of one stage is coupled to the next grid by 2 capacitor © in series 


with the grid resistor R, the signal applied to the grid has the magnitude 


F(w) x | aes 
a + (JA) |2 


relative to the signal across the network, where 1 = RC. The admittance 


function is then 


Fe) = BAS. 


The response R(t) to an applied exponential transient S(t) = s(0)e7*/® 


is given by the Fourier transform 


a(t) =u [P(p) w fs())] = 500) w p-RS og 


The solution of this equation is 


-t/e -(4-4 
(11) R(t) = 8(0) 2-5 [1-26 hating Ws 
1 


~— 


3 sa 


=—Gauges which have an internal impedance equivalent to a capacitance 
will also have zero response at zero frequency if shunted by any resistance 
element, These conditions occur, for example, with a piezoelectric gauge 
shunted by the input resistance of an amplifier circuit. The analysis of the 
case is similar to that for the amplifier-coupling circuit. 
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This expression is plotted in Fig. 4 as a function of t/A for a ratio 
e/r = 1/10 (that is, amplifier time constant ten times that of the pulse). 
It is seen that, while the response curve has the same general form as the 
applied signal, it falls increasingly below the true curve as the time in- 
creases » 

If one integrates Eqe (11) to infinite time, one finds that the total 
area under the response curve is zero. Hence the curve must go negative 
and remain so for a considerable interval, this interval increasing as the 
time constant A increases. The result of zero total area is to be expected 
quite generally on the basis of the superposition theorem derivation carried 
out above. It was shown that the response area is determined primarily by 
the limiting value of the step-response characteristic at infinite time, 
which is zero for conventional amplifiers and circuits involving capacitative 
couplings (as already noted, piezoelectric or simple capacitance=type gauges 
have equivalent circuits of this form). 

The error in area measurements for an exponential pulse can be calcu- 
lated from the integral of Eqe (11). If the time t' to which the integration 
is carried is not greater than one-tenth the time constant A of the circuit, 


the fractional error dA/A in the area A(t') is approximately given by 


US 
(12) == abss, $5" 1 10 


If this error is to be less than 5 percent, tne amplifier time constant must 
be at least twenty times that of the pulse. Equation (12), although approxi- 
mate, is very useful as a guide in circuit design. 

It must be remembered that the analysis leading to Eq. (12) is based on 
the assumption that the low-frequency response is that of a single R-C cir- 
cuit. If low-frequency compensation is provided in the amplifier, the re- 
Sponse can be improved over a limited range of frequencies in the cuteff 


regions This can be expressed in terms of an equivalent time constant, based 


EER the time constant \ of the circuit is much longer than the time 


constant © of the signal, the correction term can be approximated by a series 
expansion, The first-order correction, neglecting the square and higher 
powers of (t/A), is then 


R(t) ¥ S(a)e7*/® : = (1 = 2) (4)] 
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on the initial rate of decay in response to a step voltage. This can be 
made much greater than the value for an uncompensated amplifier, but is 
applicable only if the time of measurement t' does not exceed the time for 
which the compensation is effectivee 

Although the analyses of response characteristics carried out here have 
been rather simplified and specialized, it is believed that the requirements 
for other types of applied signal and response are best considered along 
similar lines, to which the present discussion may act as a guide. 

(b) Input impedance. -- For certain applications, particularly use 
with piezoelectric gauges, an important factor in determining the low-fre- 
quency response characteristics is the input impedance. The low-frequency 
time constant of a piezoelectric-gauge circuit of capacitance C together 
with an input impedance R is given by the product RKC, which must be of the 
order 50 to 100 times the interval over which a faithful record of the tran- 
sient gauge signal is required. 

The necessary input impedance so determined is usually several megohms 
for necessary or desirable values of the gauge-circuit capacitance C, Grid— 
circuit impedances of this magnitude frequently require special designs of 
the input stage. Usually these designs involve selected tube types and 
operating conditions in cathode-follower circuits, examples of which will be 
found in circuits described in the following. 

(c) Linearity and stability. -- If accurate measurements are to be 
taken from records of transient output signals from an amplifier and indi- 
cating circuit, it is necessary that the sensitivity of the combination 
remain constant over at least short intervals, and that the output signal be 
a linear function of the applied voltage. It is usually desirable to use 
regulated supply voltages, particularly in the low-level stages, together 
with considerable degeneration of the well-known types. Linearity and sta- 
bility are both improved with use of push-pull or balanced amplifier stages, 
which are virtually essential in high-level stages, In the interests of 
linearity these stages should also be considerably overdesigned as compared 
to commercial practice. 

(d) Amplifier circuits; diagrams and descriptions. -- (i) Modified 
DuMont type 208 oscillograph. In much of the work which has been done at 
this laboratory, it has been found possible to adapt the DuMont type 208 


oscillograph and make it a usable instrument for recording transients. The 
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necessary modifications include changes in the vertical or signal amplifier, 
increase in accelerating voltages, and modification of the deflecting—plate 
connections, The modifications of the amplifier circuit are: 


(1) the use of a low-impedance compensated step attenuator; 

(2) minor changes in frequency-compensation circuits; 

(3) redesigned position-control circuit; 

(4) decreased load resistance and direct plate to cathode-ray 
tube connections in the output stage. 


These changes were made to improve the frequency-response range under 
all conditions of gain and spot position, and to provide known gain set- 
tings which can be reproduced. The schematic circuit diagram is shown in 
Fige 5e 

Fine control of attenuation, without change in frequency response, is 
obtained by the use of a low-impedance voltage divider and a step switch 
which has very low stray capacitance. The amplifier response is further im- 
proved by the omission of a 0,005-pf condenser in the cathode of the first 
amplifier stage, the alteration of the vertical positioning circuit which 
reduces output impedance, and the redesign of the output stage to reduce 
load resistance and stray capacitance, Adjustment of the four compensating 
inductances requires care and understanding of the principles involved, 
Often turns must be taken from the output-stage inductances to reduce their 
valuee 

For use in recording transients, an eight-pin Jones plug permits patch- 
cord connection of the oscillograph to other control units, Single-sweep 
and beam-brightening voltages and control of cathode-ray spot position may 
thus be provided by external units, 

In the routine testing of this instrument, a check sheet is used and a 
test film is made to determine the performance of the oscillograph. The 
high-frequency response is first measured visually with a sine—wave input 
at the following frequencies: 10, 30, 100, 150, 200, 300, and 00 kc/sec. 
To be acceptable, the oscillograph must be flat within plus or minus 2 per- 
cent up to 300 kc/sec and show no rise at 00 kc/sec. The frequency-response 
curve of a typical instrument is shown in Fig. 6. -A photograph is then made 
to determine how well the oscilloscope will reproduce signals with an in- 
finitely sharp rise and exponential decay, Four signals are used with time 


constants corresponding to 50 msec, 150 psec, 500 psec, and infinite time 
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constant. The ratio of the response for time constant 9 to the response for 
infinite time constant is plotted against the reciprocal of the time constant 
@, as shown in Fig. 7. Over the range of interest, the curve is approxi- 
mately a straight line. This curve can be compared with a specified stand- 
ard of performance, and also provides 2 convenient means of determining 
the error in recording a negative exponential of stated duration, The dashed 
curve is calculated from Eq. (6), assuming an equivalent amplifier time con= 
stant Uf (ope 0.36 pSECe This value is obtained frdém the frequency-response 
curve for the same instrument, which shows a 30-percent drop in response at 
a frequency of lO ke/see [see Figs (6)]. The agreement between the two 
curves is fairly good, in view of the simplified analysis leading to Eq. (6). 

The compensated low-frequency response is checked by a voltage step on 
the test film, which has rarely shown any variation greater than 1 peroent 
over the 25-msec interval used. On a typical unit, the time to fall 30 per- 
cent is 160 msec, corresponding to a frequency of 0.99 cycle/sec. 

The sensitivity is 50 mv dec. per inch at maximum gain and may be dc- 
creased in steps of approximately 35 percent to a minimum of 5 volts per 
inch deflection on the tube screen. The linearity is measured from the test 
film which has steps of g-in, 1-in., 13-in., and ‘2-in. deflection on the 
screen, To pass the test, scopes must have the ratio of deflection to volt- 
age agree to 1 percent up to 14-in,. deflection, The gain stability is tested 
during use and is usually better than 1 percent provided the a-c line is 
stablee 

The troubles encountered with the t,rpe 208 oscillograph are usually due 
to tube or mechanical. failures. The most common are: noisy input 6F8*tube, 
bad focus of the cathode-ray tube due to age, a broken wire in the output- 
stage inductances, loose cathode-ray tube socket, and occasionally a very 
high-frequency oscillation in the regulated 150-volt supply. This last 
trouble may be cured by installing a 0.01-pf condenser from the plate of the 
input 6F8 to ground. 

Up to this time, 18 oscillographs have been modified as outlined in the 
foregoing, and have been in use for periods up to three years. 

(ii) Four-channel oscillograph. This unit was designed to fill the 
need for a compact multichannel oscillograph recording on moving film, ‘It 


has a flat frequency response from direct current to 100 ke/sec; a maximum 
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sensitivity of 50 mv d.c. per inch deflection on the cathode-ray tube screen, 
and negligible drift during a day's operation, 

(1) Description of operation, There are five units in the oscillo- 
graph -- 2 camera assembly, an amplifier chassis, a cathode=-ray tube chassis, 
and two power supplics, These can be installed in any*standard relay rack 
of sufficient height, and then interconnected by patch cords. 

Each amplifier (see Fige 8) is built on a small chassis which is then 
plugged into a shock=-mounted relay rack unit which holds 211 four amplifiers. 
This quick-change unit has many advantages, including mass production and 
easy replacement of a faulty unit. The electronic part of the system can 
be understood by referring to Fig. 9. The input is a cathode follower oper- 
ating with reduced plate current and plate voltage. For direct-coupled oper- 
ation, 20 megohms is a reasonable input impedance, If a coupling condenser 
is used, 1000 megonms may be uséd in the grid return if care is taken to 
eliminate leakage currents. The amplifier stage employs 2 conventional 
delta-type attenuator in the cathode circuit. ‘The problem of zero signal 
driit was found to be reduced by the use of 6SH7 tubes rather than 6AC7 tubes, 
which were originally tried. Initial differences in tubes are compensated 
for by the use of a 50-ohm variable resistor (fine gain balance). The next 
stage is used to shift the d-c level of the sighal from +72 volts to -62 volts 
and at the same time to provide positioning control of the cathode-ray spot. 
The output amplifier is conventional, but the use of a cathode-follower out- 
put is necessary when the amplifiers are at a distance from the cathode-ray 
tubes, -This has the further advuntage of lessening the capacitative load on 
the output amplifier. An unexpected phenomenon was observed in the initial 
design when the high-frequency response fell off at large deflections, This 
was because the cathode follower was originally working too close to cutoff 
on the extreme of the signal swing. 

The cathode-ray tube chassis (see Figs. 10 and 11) is extremely compact 
and has nothing unusual in it except for a level shifter which allows a beam- 
brightening signal at ground potential to be applied direct-coupled to the 
grids of the cathode-ray tubes at a level of -1000 volts as described in 
Sec. 2(c). On the front panel there are individual intensity and focus con- 
trols, individual be2m on-off switches, and a master intensity control. A 


Sylvania R1130 crater tube is included to give a time scale on the record. 
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The low-voltage supply (sec Fig. 12) is a conventional regulated power 
supply of the cathode-follower type. Of interest, however, is the divider 
network supplying the sercen of the 6SJ7 amplifier tube. This allows the 
screen to work at a respectable voltage and still supply perfect compensa- 
tion for input voltage fluctuations, The use of Amperite ballast tubes to 
regulate the heaters of the amplifier tubes is a great improvement. Even 
more improvement can be obtained by increasing the working voltage drop 
across the Amperites by the use of a transformer rated for higher output 
voltagee A regulated negative supply delivers 1000-volt accelerating poten- 
tial to the cathode-ray tube circuits. The ciréuit is similar to that 
described in Sec. 2(b) and shown in Fig. 13, except that a half-wave rectifier 
without doubling is used, The other half wave from the supply transformer 
is used as power source of a 1700=-volt positive supply for the cathode-ray 
tube intensifier electrodes, This is a conventional half-wave supply with 
type 2X2 rectifier and condenser input filter, 

The camera unit consists of a hood which is bolted to the front of the 
relay ratky This hood has fittings so that either a General Radio oscillo= 
graph camera or a rotating—drum camera (see Part III) may be used, 

(2) Testing of oscillograph, The unit is tested in essentially the 
manner described in Secs 1(d). However, much more care is necessary in the 
checking for base-line drift. This is usually caused by a difference in the 
characteristics of the first amplifier tubes (6SH7). 

One unit has been in use for six months and has given very satisfactory 
SeErvicee 
2. Cathode-ray tubes and supplies 

The requirements imposed on cathode-ray tubes used for recording tran= 
Sients are more stringent than when the tubes are used for observation of 
stationary patterns, particularly when high writing speeds are neededy In 
the first place, higher accelerating voltages are required to give a sharper, 
more intense spotw~ Second, a means must usually be provided for modulating 
the spot intensity. The intensity=control grid is usually operated at a 
high negative potential, which makes necessary a coupling device from the 
brightener circuit [see Sec. 2(c)], and in addition, it is important to avoid 
undesired modulation of the intensity by 60-cycle or other pickup. A third 
consideration is the fact that the deflection fuictor of the tube (voltage 
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required to produce a given deflection) is directly proportional to the 
applied accelerating voltage. As a result, supply-voltage variitions may 
produce serious changes in sensitivity of the recording system. 

(a) Cathode-ray tubes. -- Most of the oscillographs developed at this 
laboratory have used one of three DuMont cathode-ray tube types: 5LP5, SCP5, 
or 3FP5,. All of these tubes have blue screens and the DuMont intensifier 
electrode for additional acceleration of the beam after deflection, The 
short-persistence blue screen is virtually essential for moving-film record- 
ing at speeds greater than about 100 in./sec, and the intensifier circuit 
permits greater spot intensity for a given deflection sensitivity. The 
first two types are 5-in. tubes, while the 3FP5, with 3-in, scrcen diameter, 
permits a more compact unit and has been found very satisfactory, The nega- 
tive second-anode voltages used range from 1100 to 2200 volts, and positive 
intensifier voltages from 1100 to 3000 volts are used. 

(b) Power supplies. -- (i) Modified type 208. The stock DuMont type 
208 oscillograph does not provide adequate writing speed for most recording 
of transients. It can, however, be used at sweep speeds up to about 2 in./msec 
by increasing the intensifier voltage, This is done by addition of a half- 
wave rectifier tube and heater transformer, the high voltage being supplied 
from the original power “neneb enhanc! 

It should be noted that the accelerating voltages of the type 208 os- 
cillograph are very susceptible to line-voltage variations, since a condenser 
input filter without a filter choke is used. This type of filter responds 
very rapidly to increases in rectified input voltage and has a rather short 
time constant for decreases in input voltage, As a result, these oscillo- 
praphs must be used on a well-regulated power line if the sensitivity is to 
be kept constant. With a good power source the over-all sensitivity of the 
oscillograph is reproducible to less than 1 percent over a period of an hour 
or moree 

(ii) Regulated high-voltage supply. A 1300-volt regulated power-supply 
circuit which has been used for multichannel oscillographs and other high- 
voltage requirements is shown in Fig, 13. It is capable of delivering up-— 
wards of 15 ma at 1300 volts with good load and input-voltage regulation and 
negligible ripple. 


> 


—This circuit was originally developed at the David Taylor Model Basing 
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The circuit employed is basically a degenerative stabilizer with ampli- 
fied control voltage applied to the type 807 series tube. The amplifier is 
a so-called "cascode" eireuat ee consisting of tubes 6J5, Nos, 2 and 3, con- 
trolled by output-circuit variations coupled to their erids by the dividers 
in the plate circuit of the constant-current tube 6J5 Noe 1 (see Sece 3). 
Reference voltages for this tube and the cascode are supplied by the gas 
regulator tubes VR105 and VR150. The interlock connection in the power cir- 
cuit is intended for connection with other equipment to prevent premature 
application of voltage. The lining up and operation of the circuit are 
straightforward and require no comment. 

The output voltage changes less than 2 volts when the a-c line is varied 
from 90 to 125 volts and the peak-to-peak ripple in the output is less than 
0.5 volts. The internal impedance of the supply is less than 500 ohms. 

(c) Intensity-modulation coupling circuits. -- The requirements for 
cathode=-ray tube be2m modulation are: (i), a means of applying a positive 
voltage of 20 to 100 volts to the grid of the tube for intervals of from a 
few milliseconds to seconds, the d-c level of the grid being 1000 volts or 
more below ground potential; (ii), freedom from 60-cycle or other pickup. 

Two simple coupling methods can be employed successfully -- condenser 
coupling to the grid,or applying amuch larger brightener voltage to the top 
of a potentiometer circuit on which the grid is tapped. The first is the 
most easily constructed circuit of all, but suffers from two disadvantages. 
First, the time constant of the grid circuit must be much greater than the 
time the beam is to remain on if the intensity is to remain essentially con- 
stant. If this duration is longer than, say, 100 msec a condenser of high 
capacity and voltage rating is required and some time must be allowed between 
brightening cycles to permit the circuit to recover. 

A second drawback to use of candenser coupling is that the condenser 
effectively connects the cathode-ray tube grid to the brightener as far as 
fluctuations or ripple is concerned, while the cathode follows accelerating 
voltage-supply variations, The result is that any ripple in this supply 
appears as an undesired intensity modulation. Though the effect is not 
always serious and a good high-voltage supply will eliminate it, it is a 


basic difficulty. 


/ , ; 
fant and Hickman, Rev. Sci, Inst. 10, 6 (1939). 
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The divider, or potentiometer, method suffers from the disadvantage of 
being wasteful in that only a small fraction of the large positiv2 voltage 
which must be applied at the top of the divider is used. This places special 
requirements on the driving circuit, Also, some of the accelerating voltage 
must be wasted to provide bias for the tube. 

More satisfactory coupling circuits for brightening can be provided at 
the expense of added tubes and components. One fairly simple method is to 
use a constant-current tube, as shown in Fig, 14, The plate current of tube 
Tg can be made independent of its plate voltage by giving resistor R, the 
value pR5, where p is the amplification gaetor A signal applied at the 
grid of tube T, will therefore appear unchanged except fcr d-c level at the 
plate of T, or any intermediate point on the piate load resistor R3. The 
by-pass condenser C is included to insure rapid response. 


+ 300 V 
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Fige the Voltage-level shifter. 


—This circuit is not original, but the proper person to credit is not know. 
The same circuit is used in the regulated high-voltage supply already described 
[see Sec, 2(b)]. 
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The "level=shifter" circuit just described has the disadvantage of 
drawing current from the high-voltage supply. Its operation is also criti- 
cal to the grid potential of tube To. Small variations due to resistor 
changes may thus cause drift in intensity over a period of time. A coupling 
method which is preferable for high accelerating voltages consists in putting 
the whole brightener circuit and its power supply at the potential level of 
the cathode=ray tube grid, With such a circuit the only coupling to circuits 
at ground potential required is for synchronizing pulses, which can be ap- 
plied by a low-capacity condenser, and the power required is obtained from 
a source independent of the accelerating voltage supply. A circuit of this 
kind is described subsequently [Sec, 3(c)]. 

3. Time bases and synchronization circuits 

In any recording of transients it is necessary to switch on the cathcde- 
ray tube spot for a controlled interval after application of a signal which 
is properly synchronized with theevent to be recorded. If time resolution 
is obtained by moving the cathode-ray tube spot across the screen, it is 
necessary also to provide a properly synchronized linear single-sweep cir- 
cuit. In many cases it is desirable to provide a controlled time delay be- 
tween the synchronizing pulse and the operation of these circuits. The time- 
delay circuit should provide accurately known intervals, the brightening cir- 
cuit should provide uniform intensity of the electron beam, the sweep circuit 
should displace the trace at a constant rate across the screen, and all units 
should trigger reliably on readily obtainable pulses. The circuits which 
have been developed to meet these needs are described in the following. 

An important practical consideration in underwater-explosion recording 
is the means of obtaining a synchronization pulse. The simplest solution is, 
of course, to eliminate the need of accurate synchronization by use of a con- 
tinucus-film movie camer2, which is started manually just before the time of 
interest. This method has also the advantage of being able to give a virtu- 
ally unlimited time duration, but if any very great time resolution is re- 
quired, large quantities of film are required, with increased expense and 
problems in film processing as 2 resulte In some cases, however, use of such 


a camera may be the best solution. 
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Several means of synchronizing linearssweep and rotating—drum re- 
cording of underwater explosions have been used at this laboratory, involving 
either the firing circuit or the pressure wave from the explosion, The details 
of these methods are described at the end of this sestion, 

(a) Linear time base, ~- The main funetion of a linear time base is to 
move the spot of a cathode-ray tube across the screen at a constant and pre- 
determined rate, This forms the time axis for the recorded transient. Other 
functions include the initiation of the sweep by a trip pudse, turning on the 
spot or beam at the same time, and turning off the beam at the end of the 
time, For convenience, a continuous sweep is available, as well as a self- 
tripping single sweep. 

The operation of the sweep may be understood by reference to Figs. 15 
and 16. A positive pulse (2 volts or greater) applied at the trip input 
terminals is amplified and operates a trigger circuit of the "flip-flcp" 
els This cuts off a switch tube, which allows the timing condenser to 
charge through a highly degenerated triode. With the aid of feedback from 
the succeeding cathode follower through a 200,000-chm restatare one output 
is a voltage whose decay is highly linear with respect to time. 

A cathode-follower output circuit is used to reduce the possibility of 
modulation by outside sources. For continuous sweep 2 portion of the sweep 
Signal is fed back to make a sclf-oscillatory circuit. Self tripping at 
2=sec intervals is obtained from the pulses of a neon-tube oscillator, 

Turning the cathode-ray tube beam on and off is accomplished by means 
of two signals fed into a mixer stage, The first pulse turns the beam on 
when the sweep starts, and the second turns the beam off when the sweep has 
reached its end, The regulation of the voltage supplies is rather critical, 
and vacuum-tube regulators are used for both positive and negative supplies. 

The troubles that have been encountered in the course of a year's use 
are as follows. If the tripping pulse is followed by a large negative signal 


(about 10 volts at full gain) the sweep can be stopped in midrange, This 


aa nn 


“This and other principles are described in an excellent book by O. S. 
Puckle, Time bases (New York, 19))3). 


10/ this circuit is essentially an integrator, and the feedback method 
applied to it is the analogue of a differentiator circuit described by 
Schmitt and Tolles, Rev. Sci, Inst. 13, 115 (192). 
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could be eliminated by the use of a thyratron in the input. When the timing 
condensers or wiring thereto show appreciable leakage, the linearity is 
affected. The beam-brightening circuit is direct-coupled and is likely to 
drift under extreme conditions of heat, humidity, or tube and resistor drift. 
Finally, the regulated supplies require wire-wound resistors in the ampli- 
fier-tube grid circuits to assure voltage stability. 

In operation this design has given very good service, The linearity, 
in terms of time-displacement ratio, is better than 1 percent and is con- 
stant over a period of time which is long compared to the time required for 
a single measurement. The range in speeds is from 0.5 msec to 50 msec for a 
yin. trace on a DuMont type 208 oscillograph, 

(b) Time delay and beam brightener, -— This unit fills a double func- 
tion. Upon the reception of a tripping signal, it produces one pulse at a 
variable time later, and then a second pulse at a variable time after the 
first pulse. The other function of the unit is to provide a variable time 
delay after the tripping signal and then produce a beam=brightening signal 
of variable duration. 

The description of the operation may be followed by reference to Fig. 
17 The tripping signal is fed into the first thyratron through a cathode 
follower to remove the effect of thyratron-grid current upon the tripping 
circuit. The required tripping signal may be varied from +0.3 to +7 volts 
by adjusting the thyratron-grid bias. The heart of the time-delay system 
is the next circuit. When the first thyratron fires, it changes the next 
tube from full conduction to full cutoff. The timing condenser C proceeds 
to charge toward the potential of the positive supply, and when it reaches 
-3 volts the second thyratron fires, The starting voltage for this charging 
process is substantially independent of tube constants because of the large 
plate resistor (5 megohms), and the charging action takes place with the 
tube cut off. With regulated supply voltages, the time to fire the second 
thyratron is determined only by the resistance and capacitance. When this 
action is over, the same process is repeated in the second delay circuit. A 
neon glow lamp indicates when this process has taken place. A manual reset 
button prepares the circuit for the next operation by cutting off the thyra- 
tron supply voltage. 
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The delay pulses may be taken from terminals on the front panel of the 
unit. The same pulses are fed into a mixer which gives a square beam-brighten- 
ing pulse whose delay is controlled by the first timing olrcuit and whose 
duration is controlled by the second timing unit, Exaept fay leakage in the 
timing condensers, this circuit has caused no trovble over an operating period 
of a year. The aceuracy of timing, when checked, has bcen better than 1 per- 
cents 

(c) Trigger-circuit beam brightener, -- The purpose of this unit is to 
turn on the beam of a cathoae-ray tube upon the reception of a positive pulse 
(any duration) and turn it off when a negative pulse is received. Operation 
from 1-msec duration to infinite duration is possible. The unit (sec Fig, 18) 
is part of a complete oscillograph, but the description is included here as 
an example of a useful method, In practice it is activated by the time delay 
and beam brightener described in the previous section. 

The operation is based on a flip-flop type of circuit with two stable 
conditions. A positive pulse of short (or long) duration makes the first 
tube conducting and the second tube nonconducting. The positive swing of the 
second plate is applied to a level shifter and thence to a cathode follower 
for the output controls, A positive pulse returns the circuit to its original 
condition, As the whole unit is operated at the level of the cathode-ray tube 
cathodes, this makes a convenient way to control the electron-beam intensity. 

This unit has been in use for approximately six months and has required 
readjustment only when the 6SN7 tube was changed. 

(a) Synchronization circuits. -- (i) Use of firing line. It is evident 
that the voltage required to fire an electric detonator cap provides a signal 
related te the time of explosion. In order to make use of this signal several 
difficulties must be kept in mind. First, a delay of several milliseconds 
occurs between application of the firing voltage and detonation of the cap. 
This interval may or may not be reproducible, depending on the particular cap 
used and the current in the circuit. If this variable delay is unimportant, 

a simple switch arrangement can be used to provide the desired pulse. One 
precaution must often be observed, namely, that the firing line be left un- 
grounded in order to prevent ground loops with the signal cables, These, if 
present, may induce considerable signal because of fluctuations in the firing- 


line current. Because of this, it is usually necessary or desirable that the 
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firing line be isolated from the other cireuit grounds. A firing pulse can, 
in this case, be obtained from the firing eircuit by inserting an isolation 
transformer in series with one side of the firing line, the trigger pulse 
being taken from the transformer secondary, one side of which may then be 
grouaded, 

Another method is to use a switch mechanically coupled to the firing 
switch but electrically independent of it. Any switch will have a time 
difference between closing of the two circuits, and in many switches this 
interval is of the order of milliseconds and not very reproducible, It has 
been found that some ordinary a-c tumbler switches as used in house wiring 
give a time difference between the two circuits of less than 100 psec, which 
has been found reproducible to less than 10 psec. 

Another means of synchronization utilizes the change in firing-line 
current when the circuit is broken by detonation of the blasting cap, Sever- 
al practical problems arise in application of this method, First, the cir- 
cuit must be arranged to prevent the possibility of extraneous voltages 
triggering the circuits prematurely. Such signals may be developed by chatter 
in closing of the firing switch or change in firing-circuit resistance due 
to heating of the blasting-cap fuze wire before it burns out. Second, the 
breaking of the blasting-cap circuit is not necessarily coincident with the 
instant that detonation begins, Seismographic caps are especially designed 
to insure this coincidence and can be used successfully in small-charge work. 
A great deal of difficulty was experienced with early attempts to use the 
break of the cap circuit in detonating service weapons. These difficulties 
were never completely explained, but it is suspected that ionization of the 
gas sphere after detonation of the charge gave rise to conduction in the cir- 
cuit which prevented satisfactory operation, 

(ii) Pressure switches. In general, attempts to use the break of the 
firing circuit have given unsatisfactory results. Methods that work properly 
for a while break down when one begins to have confidence in them. As a re= 
sult, this type of synchronization has been abandoned in favor of more de- 
pendable methods. The first of these used at this laboratory was a simple 
switch, consisting merely of a lead disk -- supported at its edge -- which 
was driven against a steel pin by force of the shock wave. This switch func- 


tioned reliably but had the disadvantage of requiring reassembly for each 
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shot and of being damaged to some extent (loosened threads, packing washers). 
A less troublesome system is simply to use a piezoelectric gauge of suffi- 
ciently rugged and waterproof construction, Such a gauge develops a repro- 
ducible signal, is easily tested, and unless damaged requires no maintenance. 
It can be placed at almost any desired position in relation to the charge and 
other equipment, thus providing considerable freedom in timing without need 
of auxiliary delay circuits. 

For some experiments, it is desirable to fire one or more detonator 
caps with a minimum time delay. A condenser discharge circuit can be used 
to fire two or more caps in series with short delay and a difference in 


firing times of 5 to 10 psec. 
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III. PHOTOGRAPHIC RECORDING 


The camera has the function of recording permanently the movement of 
the spot on the cathode-ray tube. In some cases the spot movement contains 
the time base as well as the desired signal, For this type of record a 
camera with cut film or 35-mm film may be used in the conventional manner. 
In other types of recording, the time base is supplied by the movement of 
the film, and a rotating-drum or streak-film camera is used. 

The operation of all cameras involves the following components: a 
hood to keep out stray light, a lens and shutter combination, a film back, 
film, and lastly a means of viewing the object photographed. The units used 
on a DuMont type 208 oscillograph are shown in Figs. 19 and 20, 

For recording several channels on a single film special camera hoods 
are constructed to take the standard camera backs and film holders, 

The standard hood is hinged at both front and rear for inspection of 
the cathode-ray tube screen. Inside the hood is a manually operated shutter 
and on top is a viewing hole with prism. The section that swings open holds 
a lens (f/2.0, focal length 50 mm), a Wollensak shutter, and clamps to hold 
any of the three standard film backs, The cut-film back takes a standard 
6s x 9 cm film holder, and gives four exposures as the back is removed and 
rotated, The roll-film back contains a rebuilt Argus camera which gives ex-~ 
posures on 35-mm film. The rotating-drum back carrics approximately 10 
in, of 35~mm film and may be driven from a constant-speed motor, either by 
a flexible-shaft drive or by a pully drive. 

The film used is not extremely critical, but the best records have been 
obtained with Eastman Fluorographic film. A typical development uses D-19 
for 6 min at 18°C, It has been found that an increase in time or temperature 
will raise the background fog more than would normally be expected. Other 
fast films and contrasty developers have been used with almost equivalent 
results, 

Using this equipment, it has been routine to photograph with good reada- 
bility a single trace in the form of an exponential pulse with a time con- 
stant of 50 msec, which crosses a 5-in, cathode-ray tube sercen, in 1 msec. 
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—‘Accelerating potential and intensifier electrode potentials each 
1100 volts. 
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The only trouble encountered has been with cable releases of diaphragm 


shutters; hence the manual shutter is used for important shots. 
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684 
IV, CALIBRATION EQUIPMENT 


In the use of any system for recording transients, it is necessary to 
have an accurate calibration of its sensitivity and time resolution. It is 
also highly desirable to have a means of determining its transient response 
to an input signal of known form. In recording piezoelectric-gauge signals 
with long coupling cables, it is also necessary to determine the character- 
istics of these cables. 

It is common practice in much oscillograph recording to calibrate both 
voltage and time scales by means of a sine wave of known frequency and ampli- 
tude determined by an a=-c voltmeter of some sort. While this combination of 
functions is economical of time, it has the disadvantage that neither cali- 
bration is made in a fundamentally satisfactory manner for precision meas- 
urement. A sine wave is not ideally suited for interval measurements, as 
it is a smooth curve without discontinuities or other convenient reference 
points, and it is difficult to maintain accurate voltage calibrations of 
a=-c meterSe 

It has been standard procedure at this laboratory to attack the cali- 
bration problem in a different way. The timing signal is shaped to have a 
sharply peaked wave form easily and accurately measured. No attempt is made 
to use this signal for voltage calibration, but rather a step voltage of 
known amplitude is applied separately, This step voltage is not only easily 
measured if the recording system has a good response, but also serves as a 
calibration of the transient response characteristics of the system, This 
additional information could be obtained from steady-state signals only at 
the expense of using a wide range of test frequencies, a procedure not 
practical in field work. 

The concept of a routine calibration and transient-response test can be 
extended to include the impedance characteristics of any coupling network 
between the gauge and amplifiers. This is done, for example, in the "Q-step" 


12/ 


calibration principle,— 
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—‘The Q-step principle, and its application to cable response testing, 
is described in NDRC Report A-306 (OSRD-4561). A brief description of the 
method is included for convenience in Sec. 6(b). 


in which, in effect, a known quantity of charge, 


=! hg = 
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corresponding to charge developed by a piezoelectric gauge, is impressed on 
the coupling circuit and amplifier. In this use, the Q-step eliminates 

the need for an impedance bridge in determining cable response characteristics, 
as well as providing the necessary information in a more useful forme 

4. Transient voltage standards 

The requirements of a voltage standard are that it develop accurately 
known, dependable range of voltage values. It is very desirable also to have 
an internal means of checking these voltages at least approximately. If the 
same circuit is to be used as a generator of transients, it is necessary 
that the transient be of known and reproducible form adapted to calculation 
of response errors, The best single function for such a purpose is a voltage 
step, or Heaviside Unit Function, which jumps from one voltage level to an- 
other in a time ideally zero, practically small compared with any intervals 
involved in the measurement. Although a square wave is an approximation to 
such a step function much used in commercial practice, it has not been em- 
ployed for testing of transient response at this lahoratory because it 
gives no information at frequencies below the repetition rate, and because 
no good way of insuring the accuracy of its amplitude was seen. Instead, 
attention has been concentrated on development of step=-function generators 
that would provide step functions of known displacement either by manual 
control or automatic triggering at regular intervals, and would provide a 
synchronizing pulse preceding the step by an adjustable time interval. 

These generators may be resolved into two parts: a standard voltage source, 
and a switching method for producing the step function. 

(a) Standard voltage sources. -=- The requirements placed on a cali- 
bration voltage standard are that it remain reasonably constant over time 
intervals between checking and that it be capable of supplying adequate 
power to the external circuit without disturbing the calibration -- in 
other words, that it permit low-impedance output from the source, It is 
usually difficult to satisfy both requirements simultaneously; most sources 
compromise between stability and power capability. 

(i) Dry cells. The simplest standard voltage source is a dry cell 
operating under constant but low current drain. A circuit employing a 
Burgess type FA 13-volt cell, operating with a drain of 1 ma requires 
recalibration once every two week&. This is quite satisfactory if the 
moderately high output impedance can be tolerated, 


686 
Stas 
(ii) Gaseous voltage-regulator tubes. If a gaseous voltage-regulator 


tube is operated under constant current, its terminal voltage will remain 
quite constant. The amount of stability is a function of the type and the 
individual tube, It has been found possible to select type VR105 tubes with 
a stability better than 0.1 percent, The noise level is less than 1 mve 

For selection the tubes are warmed up for one half hour, under their 
normal operating conditions, before being tested. Instability exhibits 
itself in rapid fluctuations during continual operation or in voltage jumps 
after the current is interrupted momentarily. Usually any voltage change 
is accompanied by a shift in the glow discharge over the cathode. 

The circuit employed in this laboratory is shown in Fig. 21, It operates 
from an ordinarily filtered power supply. One voltage-regulator tube, type 
VR150, is employed to filter out any supply variations, thus maintaining 
constant current through the VR105. This circuit will provide adequate 
power for most calibrations as well as maintain accurate voltage. 

Bt Ry p Ro 
I YA 
" \ 


17 ma 10 ma \ | 
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~ Ry, Ro Function of load current 


Fig, 21. High-current standard-voltage source. 


(ob) Step-function generators. -- (i) Relay step-function generator. 


Although it is possible to obtain clean voltage changes by mechanical switch- 


ing, the mechanical devices tried here have always suffered to some ectent from 
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one or more of the following difficulties: 


(1) lack of reproducibility, time of closing variable, 
voltage not always clean; 

(2) failure to remain in adjustment, necessitating 
cleaning of the contacts and "tinkering"; 

(3) tedious to use, requiring manual resetting. 


The most satisfactory semi-mechanical device of this kind used here 
employs the opening of a.relay contact, the relay being energized by a 
vacuum—tube circuit which also provides the synchronizing pulse for trigger- 
ing the time=base or brightening circuits, and a regulated voltage source. 

A stmple circuit found adequate at this laboratory is shown in Fig. 22, 
The relay-plaeed in the cathode of a flip-flop is normally energized. The 
trip pulse, after passing through 4 variable time-delay circuit, trips the 
flip-flop, de-energizing the relay, A Sigma type AH, 500-ohm plug-in relay 
was used here. 

Because of its simplicity, very little trouble has arisen with this 
type of generator. It was found necessary, however, to keep the voltage 
difference becween the relay coil windings and the relay frame as low as 
possible to eliminate electrolysis through the insulation. Furthermore, at 
recording speeds faster than 1 msec/in., even faster releasing relays ex- 
hibit some chatter and rounding of the step base. This makes difficult 
accurate measurement of the step height from photographic records in oscillo- 
scope calibration, However, at slower recording speeds, units of this type 
have performed quite satisfactorily. 

(ii) Electronic step-function generator. When the speed of recording 
is so fast that the chatter in a mechanical step-function generator cannot 
be tolerated, it is necessary to employ electronic means to generate the 
step function. The method developed here involves a rapid cutoff of the 
current to a voltage-regulator tube network such as described above, result= 
ing in a drop’in the output voltage which can appear as q positive or nega- 
tive step function, depending on the method of connection to the recording 
circuit, The step function generated in this manner is quite clean. 

The circuit developed at this laboratory is shown in Fig, 23. A type 
6AG7 tube supplies the powcr to the VR network, operating in push-pull with 
another 6AG7 to maintain a constant drain on the power supply. For step- 


function generation the 6AG7 supplying the VR network is abruptly cut off, 
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while the other 6AG7 is driven to full current, Use of the Step Duration 

Flip=flop [see Sec. 3(a)] to drive the 6AG7 stage insures a sharp voltage 

change and provides a means for controlling the duration of the step func- 
tion, 

The operation is initiated by the closing of an external switch or by 
an internal oscillator, The pulse, so derived, trips the Time-delay Flip- 
flop which, on the initial flip, produces a pulse for actuation of the ex- 
ternal recording mechanism, and on the return flop provides the pulse for 
tripping the Step Duration Flip-flop. The time delay between pulses may be 
adjusted over the range 100 psec to 2 sec, 

The output covers a range from 5 mv to 2 volts in four decades, Be- 
Sides the step function, provision is also made for the generation of ex- 
ponentially decaying functions of 50-, 150-, and 500—psec time constant, 
through use of an R-C circuit, 

For field calibrations a circuit is provided to check the standard 
voltage output at one point against a 1g-volt dry cell, The battery net- 
work is preadjusted to give 4 convenient fixed voltage; this is connected 
through a series resistance and switch to a point of presumably equal voltage 
on the standard voltage ranges On closing the switch, any difference in the 
two voltages appears across the series resistance in a step form. Amplified 
in a condenser-coupled amplifier and viewed on an external oscilloscope, 
the voltage difference appears as an exponentially decaying function. A 
small adjustment of the battery valtage is provided for estimation of small 
differences in voltage. 

The main difficulties encountered with this circuit have been in select- 
ing the VR tubes and in combating leakage problems. Since the B+ is grounded 
to obtain positive direction of the step, considerable care must be taken to 
prevent leakage to the high-impedance grid circuits from affecting the opera- 
tion, particularly that of the flip-flops. Care in wiring will eliminate 
most of this, howevere 

Four units of this type have been in calibration use for over six months, 
and aside from the difficulties mentioned, have given excellent service. 

Se Time standards 
For calibration of the time scales, an accurate, reliable, and easily 


calibrated time standard is required; an output wave form easily measurable 
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from photographic records is also desirable for some uses, To cover the 
range of time scales employed at this laboratory, several types of time 
standards have been usede 

(a) Multivibrators, -- For time scales requiring time standards of 
frequency greater than 1000 cycle/sec, the multivibrator is the most reliable 
and convenient. In this circuit, a frequency standard, usually a crystal 
oscillator, generates an accurate time signal, whose frequency is divided 
down to the values desired for calibration. 

The circuit, shown in Fig. 2), is a multivibrator designed at this 
laboratory to generate output frequencies of 1, 5, 10, and 25 ke/sec, ob- 
tained from two multivibrator stages synchronized with a 100-kc/sec ecrystal- 
controlled oscillator, The output signal consists of very sharply spiked 
pulsese 

The fundamental oscillator is a modified Colpitts circuit, electron- 
coupled and controlled by a Bliley SOC-100 crystal. Small variable ceramic 
condensers afford small adjustments of the oscillator frequency over a range 
of approximately 100 cycle/sce, 

The multivibrators are thc conventional type employing 6SN7 tubes; the 
first multivibrator stage, operating at 25 and 10 ke/sec, is synchronized 
with the 100-kce/sec oscillators; the second, operating at 5 and 1 ke/sec, 
with the 10-ke/sec output of the first. The synchronization pulses are 
sharply peaked and applied across a resistor common to both multivibrator 
grids, in order to assure equal synchronization of both sides, The fre-= 
quency=range switching is accomplished by changing the grid circuit elements, 
while the fine adjustments of each range utilize variable resistors in the 
gridse 

The output signal of each multivibrator is peaked by a grid-leak biased 
amplifier. Variable negatively and positively spiked output voltages are 
available with a maximum output impedance of 500 ohms at the ends of the 
rangee 

The oscillator is adjusted by beating its signal on an ordinary receiver 
with the 5-mc/s& carrier of Station WVV of the National Bureau of Standards, 
The variable trimmer condensers should be adjusted together, to keep the two 


capacitances equal. 
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Adjustment of the multivibrators is best accomplished by adjusting their 
unsynchronized frequency to roughly 0.95 of the desired value, by means of 
the variable resistances in the grids; the synchronization voltage is then 
adjusted to give the correst frequency, Proper adjustment can most easily 
be observed by placing an oscilloscope across the common grid resistance; 
the input impedance of the oscilloscope has no effeat on the operation be- 
cause of the low impedance of this resistance, The voltage across this re- 
sistance shows the grid swings of both sides with the synchronization pulses 
superimposed on them, 

The high-frequency components in the multiyibrator and output signals 
necessitate careful planning of lead and tube locations to avoid cross pickupe 
Other than this, these instruments have caused little trouble in field use, 
They are particularly stable to line-voltage fluctuations, some maintaining 
their accuracy at input line voltages as low as 70 volts rmse Multivibrators 
of this type have been in service for almost a year and have proved quite 
reliable. 

(b) Tuning forks, -- For time standards below | ke/sec, tuning forks 
are the most convenient. Most forks must be carefully shock mounted and 
oriented horizontally in order not to disturb their calibration. The General 
Radio type 813A and 815C forks have performed quite satisfactorily here when 
operated correctly. It should be noted that the larger forks, especially, 
are vulnerable to shock and should be used with cauticn in the region of an 
explosion, 

(c) Stabilized oscillator. -- For field checks on the trequency stand- 
ards, a number of battery-operated, resistance=stabilized L-C oscillators 
were constructed, These were stable to 0.1 percent and could have been used 
as standards if more accurate standards were not available, The circuit for 
these is shown in Fig. 25. 

(d) Miscellaneous circuits, -- The Eccles-Jordan type counter circuits 
have been used to divide down the frequency from some other standard, such 
as a tuning fork or multivibrator, when the standard frequency was incon- 
venient. The time units so produced are usually not simple numbers, a fact 
which is inconvenient in measuring timing records, 

6. Impedance standards 
It is virtually essential that any laboratory which attempts to make 


quantitative electrical measurements have reference standards of impedance 


694 


-55- 


ind ino 


‘sa 


“SSVW ‘30H SGOOM wan 
YOLVTIMOSO 9-1 G3IZINNEVLS 
S2-—9!4 


§ HOLIMS Y3MOd 
| _ = as | 


I"So0° 


99 ADV3UBAR AS 
BOES SS39UNNa -ASe 
S3u3LLve 


4N3Y34310 38.771M $4 ONY ‘7 
S3IDNSNOSUS Y3HLO HOS 


“ON!| wos auv S3MVA 


"20" y™i0" JT100° 


VVUUVVOG VDEGVVVY 


695 
= tBG ke 


and precise methods of impedance measurement., The work of this laboratory 
has involved extensive development and use of piezoelectric pressure gauges, 
in which the charge developed on the crystal is proportional to the pressure, 
As ordinarily used, these gauges are shunted by large eacttancseye which 
must therefore be known if the charge resulting from pressure changes is to 
be determined from measured terminal voltages, 

This laboratory has been fortunate enough to have the use of a wide- 
range resistance=capacitance bridge of considerable accuracy, which has been 
described elsewhere in detail 

The bridge arms and other impedances are checked periodically against 
General Radio type precision fixed condensers, In order to standardize 
levels of measurements, interlaboratory checks of reference capacitors have 
occasionally been madee 

For capcitance measurements in the field, a bridged-T capacitance com= 
parison circuit has been developed. The development of the "Q-step" cali- 
bration method described in Sec.e 6(b) has provided a better means of cali- 
brating piezoelectric gauge circuits in terms of a fixed condenser. 

(a) Capacitance bridge. -- This bridge is used primarily to measure 
capacitances of electrical cables for fault location and to check condensers 
used in the "Q"-calibration procedure [see Sec. 6(b)]. 

The operation of the bridge is based on a substitution method in a 
bridged-T network (see Fig. 26). This network has zero transmission at a 


15/ 


frequency determined by the two balance conditions :—= 


B Calibration and use of piezoelectric gauges for transient pressure 
measurements are discussed in forthcoming OSRD Reports. 


ib/x, S. Cole and H. J. Curtis, Rev. Sci. Inst. 8, 333 (1937). The 


bridge and associated equipment were made available for this work through 
Kenneth S. Cole and The College of Physicians and Surgeons, Columbia Uni- 
versity, to whom this laboratory is greatly indebted, 


a The balance conditions are readily determined from the fact that 
for zero transmission, the sum of the short-circuit transfer impedances 
of the two parallel paths from oscillator to detector must be zero. For 
a discussion of bridged and parallel T-networks, see W. N. Tuttle, Proc, 
TeReEs 28, 23 (1940). 
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Ry Rg/(RgCu)*, 


2 
C, = 1f0°L - Cy = 20. 


If an unknown impedance is connected in parallel with C5, its capacitance 
Cy is equal to the amount by which the condenser OC, must be decreased to 
rebalance the network, and its resistance R, is determined by the change in 
R, necessary for rebalance. These two balances are independent. In the 
design used, a nominal driving frequency of 10 kce/sec is employed, and 
capacitance ranges of 0 to 100,000 pf, O to 10,000 ppt are obtained by 
suitable values of inductance L, 

The driving frequency is provided by a resistance=stabilized oscillator, 
the output of which is amplified in a tuned L-C circuit driven by a cathode 
follower, and coupled to the T=network by a second cathode follower, At 
balance, no signal appears at the output of the network, and this balance 
condition is determined by an electron-ray (magic-eye) tube. This tube is 
operated with its triode amplifier section biased to cutoff; an a-c signal 
applied on the grid produces a dec voltage on the ray-control electrode 
which changes the shaded area on the fluorescent target. For greater 
sensitivity a cathode-ray oscillograph or other indicating instrument may be 
connected to the terminals provided. 

The T=network used has the advantage, as compared to a bridge circuit, 
that both input and output voltages and the unknown impedance have one side 
grounded. The balance is, however, frequency dependent; hence a stable 
oscillator frequency with pure wave form must be provided to prevent drift 
and balance errors from harmonic frequencies passed by the network. Good 
quality air and mica condensers should be used in the network. 

The balance drifts while the oscillator is warming up and is affected 
by large line-voltage variations, but these errors are usually not serious. 
Except fer condenser drift or failure, the accuracy of capacitance balance 
is 0.1 percent of full scale. Units of this and earlier types have been in 
service for two and one-half years with satisfactory results. 

(b) Q-step calibration. -- The Q-step calibration procedure is, in 


effect, a means by which a known quantity of charge can be applied to a 
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Capacitative circuit, the charge being determined in terms of a voltage and 
fixed capacitance. If a step voltage is applied, the method also determines 
the transient response of the systems 

Consider the network of Fig. 27(a)e If the admittance of the gauge 
and coupling impedance in parallel is Y(iu), the voltage developed at the 
recorder is given by Vp = Q,/[%5 + Y(iw)/iu}, where Qy is the charge de- 


veloped by the piezoelectric gauge, If, to calibrate the system, a known 


(b) 
Figs 27. Connections for Q=step calibration, 


voltage V, is applied 1s shown in Fig. 27(b), the resultant voltage Vp at 
the recorder is given by 


Vo = CgV5/[Cy + ¥(iv) /ia). 


Eliminating the admittance Y(iw), we have for the charge Q: 
Qs Cg Vg (Vp/Vq), 


Hence the gauge output Q is determined in the terms of the fixed capacitance 
C,, the voltage Vs, and a ratio of voltages (or deflections) indicated by 

the recording system. Both the gauge circuit and recording system are cali- 
brated in the one operation and the procedure is valid for any frequency or 
time characteristic of the applied voltage as long as the gauge circuit can 
be regarded as a two-terminal network” In work at this laboratory, the 
voltage Vs is ordinarily applied by a step-function generator [see Sec. l(b)J, 
and the transient response of the cable and recording system is thereby de- 


termined. 
16/75 the gauge circuit includes a coupling cable, this restriction will 


not be satisfied for transients occurring in intervals of the order of the 
transit time for the length of cable, 


699 


V. MISCELLANEOUS 


7. Alternating-current power 


The electronic equipment of this laboratory is designed to run on 117 
volts rms at 60 cycle/sec. The equipment designed here will work over a 
plus or minus variation of 10 volts from this rated value and show no varia- 
tion in performance. However, the DuMont type 208 oscillographs show a 
linear variation in sensitivity with respect to line voltage. This is due 
to the use of unregulated supplies for the cathode-ray tube, and it has been 
found impractical to install regulation. Therefore for a reproducibility 
of 1 percent, when the DuMont type 208's are used, the power-line voltage 
may not drift more than 1 volt during the period required for calibration 
and shooting. With oscillographs such as the four~channel oscillograph, the 
line drift may be 10 volts, All the instruments are comparatively insensi- 
tive with respect.to frequency. 

There are three sources of a-c power commonly used. The power supplied 
by the local power and light company has wide variations in voltage owing 
to changing loade This is eliminated when necessary by the use of a Sola 
constant=-voltage transformer. There is, however, a frequency vaniation of 
Oel cycle/see average to 0.2 cycle/sec maximum, which produces 2 voltage 
variation from the regulator of 0.3 to 0.6 percent. 

Gasoline-engine generators, such as the Deleo or Onan 5=kw, four-cylinder 
units, are capable of giving very good regulation under constant load. For 
example, one generator has a.drift of approximately 1 volt during a day's 
work, with random variations of less than % volt, If an engine is in poor 
condition, .variations of 10 volts are not uncommon, 

Battery-driven converters in the range of 500 to 1500 watts are capable 
of very good regulation. A typical marine irstallation has 20 storage 
batteries of 100-amp—hr capacity, These are recharged by rectifiers using 
generator or commercial a-c power. When batteries are in poor condition 
they may cause troubles, 

Power distribution is controlled by a panel which has two channels, 
Voltage step-up or step-down is controlled by Variac transformers, and volt- 
age, current, and frequency are shown by meters, 

8. Master control panels 
In the recording of a shot, switching problems are facilitated and 


human error made less likely by the use of a "Master Control Panel," By 


Sh < 
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use of a single knob, all electric switching is accomplished for the three 
photographs required for one shot, namely time-scale calibration, Q-step cali- 
bration, and the actual transient. Also included in the panel is a meter which 
measures the gauge cable resistances, a space for the "plug-in" cable com 
pensation networks, and an interlocking firing-switch system which prevents 

the operator from firing the charge when the master switch is in the wrong 
position. 

The circuit for the master control is given in Fig, 28. The design is 
a matter of switching and layout ta give 4 maximum utility and freedom from 
error. 

A master control unit of this type is useful primarily for work in which 
a considerable number of similar operations are to be conducted. In these 
circumstances, the time saving and increase in efficiency due to simplicity 
of operation and freedom from human error are very great, and can perhaps 
be properly appreciated only by those who have to operate a complicated 
array of equipment and by those who have to analyze the records. 

9. General considerations in instrumentation 

A background of four years! experience in design and construction of in- 
struments for recording transients in-the field has shown the importance of 
factors which are of less concern in laboratory work, These considerations 
are doubtless familiar enough to all who have made such measurements, but the 
following discussion is included as a possible help to those who may be 
called upon te plan equipment for field tests. 

Field measurements of underwater explosions must frequently be made under 
adverse conditions, both for the operator and for the equipment. It is there- 
fore important that the equipment function properly under unfavorable com- 
binations of temperature, humidity, and primary power-supply variations, For 
the sake of the operator, it is also important that the necessary controls be 
simple and straightforward, and that proper functioning of the equipment be 
easily determinable. The possible need for repair ines the field with limited 
facilities should also be taken into account. 

A particularly important consideration is the fact that explosions occur 
once and may involve considerable amounts of time, effort, and money. In 
these circumstances, equipment which works 95 percent of the time may be 


worse than useless, 
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These difficulties of field work underline the importance of mutual 
understanding on the part of the man who develops the equipment and the 
man who uses it. The former should know what will be required of the equip- 
ment, and should have field experience; the operator should have some knowl- 
edge of the basic principles of the equipment in order to use it intelligent- 
lye When a new type of measurement is to be undertaken, the design of needed 
electronic equipment must be based on knowledge of field requirements and 
what is reasonably possible. 

The actual design should then be developed to meet the requirements 
with a minimum of adjustments and a maximum of reliability, Large safety 
factors should be allowed, to take account of such things as tube variations, 
tolerances of component parts, leakage currents, Good mechanical layout 
and construction and clean wiring may mean the difference between servicing 
in the field and stopping work until laboratory repairs can be made, It is 
also worth while to use standard and readily available components as far as 
possible. 

The completed instrument should be tested under actual or simulated con- 
ditions and these results kept recorded as a part of the service record, on 
the instrument. Routine tests and inspections of all equipment are valuable 


in maintaining it at peak performance and avoiding breakdown. 
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For a research orogram of the magnitude of that undertaken 
in measuring underwater explosions of full-scale weapons, many 
people contributed ideas and work, Listed below are a few out 
of the many who were directly responsible for much of the work: 
W. Adcock, R. Me Brown, J. D. W. Churchill, B, Coggins, H, He 
Cole, J. S. Coles, G. Duys, A. Ferris, P. M. Fye, Rk. L. Kaye, 
Je Y. Kennedy, D. E. Kirkpatrick, J. Lacey, P. Newmark, G, R, 
Niffenegger, E, L. Patterson, Capt. 5. I, Poole, W. S. Shultz, 
Je Pe Slifko, D. S. Stacey, D. T. Tassinari, and A. H. Vine. 
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THE MEASUREMENT OF UNDERWATER EXPLOSIONS FROM SERVICE WEAPONS 
AT THE UNDERWATER EXPLOSIVES RESEARCH LABORATORY (UERL) 


by 


J. S. Coles, March 196 


Abstract 


The instruments and methods used for measuring the effective- 
ness of and obtaining other data vertinent to underwater explo 
Sions of full-scale service weapons is described in detail, The 
theory and use of mechanical gauges, including the UERI+diaphragn, 
NOL ball—crusher, BuShips Modugno, and momentum gauges, are dis- 
eussed; the practical application of piezoelectric gauges to 
full-scale measurements is illustrated. The highly specialized 
techniques involved in handling such a combination of heavy with 
friable equipment at sea is described. 


I, INTRODUCTION 


The comparison of various explosives in full-scale service weapons was 
begun by the Underwater Explosives Research laboratory (UERL) in December 
1942 at the request of the Bureau of Ordnance of the United States Navy. 
The very early work was done under great pressure and made use of the exist- 
ing facilities at the UERL, which required the rather cumbersome coordina 
tion of several vessels, This work has been described previously [1 a 
When it became apparent after the first series of tests that there would be 
a large amount of such full-scale testing to be done, a special vessel was 
purchased for this purpose and converted into a floating laboratory, This 
vessel, Schooner RELIANCE, has been in continuous use since that time and 
is fully equipped for the recording of the signals from eight piezoelectric 
gauges, as well as servicing the mechanical=type gauges in use at UERL, 


The measurement of the underwater effectiveness of an explosive ulti- 
mately involves the determination of damage to an actual target. In prac— 
tice, this is best accomplished by measuring certain parameters of the shock 
wave resulting from an underwater explosion, and by measuring the actual 
damage to small targets such as small steel diaphragms. 


The variation of pressure with respect to time (Fig.1) may be measured 
at a given point in the water by means of a piezoelectric gauge; from this 
pressure-time curve, the peal pressure P,, momentum or impulse I, and the 
energy E of the shock wave may be obtained. For most cases, the pressure— 
time curve may be represented by 


*The list of references has been deleted. 
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over the regions from t = 0 to t # 9, where t is the time measured from the 
peak and @ is the time constant of the shock wave. The response of mechan- 
ical gauges to the shock wave is some function of the initial portion of 
the pressure-time curve out to a time t corresponding to the completion of 
action of the particular gauge. Thus mechanical gauges with a response 
time that is short relative to the duration of the shock wave measure quan- 
tities associated closely with the peak pressure, while gauges with long 
response time measure quantities related more to the impulse of the shock 
wave. These measurements are with respect only to the primary shock wave, 
and are not affected by secondary pulses resulting from oscillations of the 
"bubble" in the water, although the piezoelectric gauges may be used for 
this purpose when so desircd. 


Due to the urgency of the work at the time it was undertaken it was im- 
possible to complete the instrumentation before the actual comparison of ex-— 
plosives was begun. Thus during the early experiments only 2 piezoelectric 
gauges and a few diaphragm, ball-crusher and Modugno gauges were used on 
each shot, while in later experiments as many as 8 piezoelectric gauges, 25 
ball-crusher, 8 diaphragm, 8 Modugno, and 8 Hilliar—type momentum gauges 
were used. While the early work may have suffered somewhat because of the 
small amount of instrumentation, it was nevertheless possible to produce 
useful results that could not otherwise have been obtained. 


The greater part of the work of the RELIANCE has been in the comparison 
of various explosives in standard service weapons, such as depth bombs, 
depth charges, and aircraft—dropped mines. Other types of more fundamental 
research have been done whenever possible, including the determination of 
similitude curves from spherical charges, the study of the pressure ficld 
about line charges and multiple charges. 
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II, GENERAL DESCRIPTION OF GEAR usepL/ 


1. Vessel and cquipment 


The RELIANCE was a 76-ft Gloucester—type fishing schooner converted in- 
to a research vessel, equipped with an electronics cabin and a mechanical- 
gauge cabin, as well as the necessary sources of power for the work to be 
done. A two-way radio telephone and a recording fathometcr were a part of 
the standard equipment, In addition to these scientific accomodations there 
were a galley, quarters for the crew, and a general workshop (Figs. 2 and 5). 


Deck space was available for the necessary gear and other equipment, 
including a large power-driven reel for the piezoelectric-gauge cables. 


2. The "one-dimensional" fore and aft rig 


Practically all of the work in comparing explosives was done by locat— 
ing the various gauges used on a straight line fore and aft through the 
charge and parallel to the surface of the water (Fig. 3). At the after end 
of this line was the sea anchor uscd for maintaining tension, In the middle 
was located the charge, while the forward end of this line was attached to 
a tow line leading up to the vessel RELIANCE, The gauges and charge were 
usually hO £t below the surface and were suspended from surface floats. 
These components were attached to one another by means of the stecl spacer 
cable which was kept stretched out by the strain of the sca anchor as the 
gear was towed through the water. Electrical cables for firing and for 
transmission of piezoclectric-gauge signals back to the electronics cabin 
were led to the surface and thon to the RELIANCE by mcans of a surface line 
supported by special floats. 


3. The "two-dimensional" paravane rig 


A great disadvantage of the "one-dimensional" rig was that it allowed 
measurements to be made for a single charge in only two dircctions that 
were opposed by 180°, To obtain a measure of the explosion field in four 
directions from a charge, the two-dimensional or paravane rig was developed 
(Figs )). As with the one-dimensional 1ig the gauges and charge were sus— 
pended at the same fixed depth below the surface, with a line running from 
a sca anchor at the aft end of the gear through the charge to the tow line 
leading to the RELIANCE, In addition to this part of the gear, which is 
the same-as. for the one-dimensional rig cited above, there were also gauges 
mounted on two lines that were attached to the charge at an angle of 90° to 
the fore and aft line. These side lines were held out by means of two 
paravanesé. attached to the gauge blocks at the ends. 


There are many difficultics inherent with thisparavane gear. It must 
be set in perfect balance, otherwise the paravancs do not behave properly 


Te nl fe rou an ete Ive 


2/, paravane here refors to a flat surface so suspended that it pulls 
out and down as it is towced through the water. Opposing these two forces is 
the force from the opposite paravane and the force upward duc to a surface 
DUoYye 
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and may foul the rig and even bring the vessel into scrious trouble. There 
is always some bow in the side spaccr cables due to the drag of the water, 
which causes an uncertainty with respect to the angle between the gauges 

and the charge and the gauge=to-charge distances, However, this uncertainty 
in gauge-to-charge distance may be overcome by comparing the results for.an 
asymmetrical charge to results for a symmetrical charge fired under identical 
conditions. For the piczoclectric gauges used off the sides of the charge 
there must be a separate rcturn line along the surface to carry the gauge 
cablese 


The difficulties encountered witn the paravane rig probably outweigh 
the advantage in obtaining values regarding the pressure field in two dimen- 
sions. The same results could be obtained more rapidly and with less 
trouble by using the one~dimensional rig and firing twice as many charges. 


he Instrumentation 


The instrumentation may be generally divided into two types -—- piczo= 
electric and mechanical. The piezoelectric instrumentation gives rather 
complete fundamental information about the explosive shock wave in the water 
but is difficult to maintain and operatce On the other hand the mechanical- 
gauge instrumentation is casy to maintain and operate and is very reliable, 
but the results are muah harder to interpret in terms of the shock-wave 
parameters. 


(a) Piezoelectric-gauge instrumentation. —- The instrumentation with 
piezoelectric gauges consisted of the following groups: gauges, transmission 
lines with their compensating networks, amplifying and recording aquipment, 
time- and voltage-calibrating equipment, 


(i) Gauges. The piezoclectric gauges used in this work were composed 
of 1, 2, or 4 tourmaline eloments [2,3]. The ones usually employed were of 
the doublet type with a gauge constant of roughly ) «pscoulomb/(1b/ing). 


(ii) Transmission of gauge signals. The transmission system for bring- 
ing gauge signals to the RELIANCE consisted of the following elements: a 
copper tube with central conductor attached to the gauge and running directly 
back in the opposite direction from the charge for a distance of 20 ft where 
it was spliced to a Miller plug. From the other side of the Miller plug 
Army-Navy Type RG-l1/U concentric cable ran up to a surface buoy. The 
length of this section of the cable varied from 0 to 80 ft depending upon 
the particular location of the gauge. This cable terminated in a second 
Miller connector at the surface buoy, where there was inserted a compensate 
ing patch cord containing a resistance-capacitance network which was a part 
of the double-ended cable compensation uscd with the RELIANCE—type gear. 
(Such compensation is necessary to correct for frequency response and di- 
electric absorption on long cables [u].) This patch cord was connected in 
turn to a 600-ft length of RG+l1/U cable which ran back along the surface 
to the recording vessel, terminating at the large cable-reel on the deck. 
A 20-ft section of the same cable carried the signal from the reel down to 
the input of the compensating network in the master control panel. 
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Gay) Recording of gauge signals. The signal from the master control 
panel was fed directly into the vertical amplifiers of the cathode-ray os-— 
cilloscope, The trace of this signal on the Y-axis of the cathode-ray tube 
was recorded cither by a rotating-drum camera or a still~film camera, In 
the former case no signal was uscd on the X-axis, while in the latter case 
a linear sweep was introduccd in the X-axis, For cach record a time cali- 
bration must calibrate the drum or sweep speed, and a voltage (V=step) or 
charge (Q-step) calibration must be put on the film to calibrate the elcc= 
trical and photographic amplification of the trace. If a voltage step is 
used for this, the capacitance of the cable and gauge system must be mea— 
sured separately on a capacitance bridge, while if a charge calibration is 
used independent determinations of the capacitance and voltage are unnec= 
essarye 


(iv) Interpretation of records. The photographic records so obtzined 
were analysed by transforming thein into absolute units of pressure and time 
from comparison with the V— or Q-step and the time calibration, This was 
formerly done by measuring the records on a movable=stage micrometer micro= 
scope, but more recently the pressure-time curves have been projected on 
photographic paper simultancously with a two-dimensional grid which has 
been adjusted for the X-axis to read in absolute time units and for the Y- 
axis to read absolute pressure units, according to the time and voltage 
calibrations (see Fig. 1). After the pressure-time curves have been trans— 
formed into their absolute units, the peak pressure may be read off directly 
and the impulse and energy factor may be integrated graphically. The energy 
factor obtained by this simple graphical integration does not include the 
after-flow energy, which is important for spherical shock waves. Other 
pertinent data which are apparent on the pressurc—time curves may also be 
noted at this time. 


(b) Mechanical=gauge instrumentation. — (i) The UERL diaphragm gauge 
The gauge that has proved itsclf to be the most reproducible for all routine 


measurements of explesive cffectiveness has been the UERL diaphragm gauge 
[5]. This gauge consists essentially of a stecl pot 3=1/2 in, in diameter 
on the face of which is mounted a thin diaphragm, The diaphragm materials 
and thicknesses vary, but for large-scale measurements lh-gauge (B and S) 
steel was generally uscd. lExplosives were compared by taking ratios of the 
maximum deflections of the diaphragms after being subjectcd to the explosive 
shock wave. For large charges these diaphragm gauges read a quantity that 
corresponds tc peak pressure, although the finite time of gauge action is 
longer than for the ball-crusher or Modugno gauges. The gauges were mounted 
in pairs, sometimes in a heavy gauge block and other times in a very light 
gauge block. 


(Gem) The Naval Ordnance Laboratory ball-crusher gauge. The Naval 
Ordnance Laboratory ball-crusher gauge [6] was uscd in vory large numbers 
because of its operational simplicity and small sizc. A 1/2~in. diameter 
piston rests directly on a copper sphere which is supported by an anvil. 
When the piston is struck by the explosive shock, the copper sphere is de= 
formed, the amount of deformation being a measure of the explosive effective- 
nesSe The spheres used for most work were 3/8 in. in diameter, although 
the gauge was so designed that 5/32—in, diameter spnores could also be uscde 
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A rather detailed theory has been presented for the action of this gauge 
[7,9] and its reproducibility has been summarized [8]. However, while it 
is possible to calculate the response of the gauge from a knowm pressure 
time curve, it is not possible to determine the form of a pressure—time 
curve from the gauge response. Deformations of the copper spheres can be 
transformed to values for peak pressure provided the form of the pressure- 
time curve is previously knovm [10]. 


(iii) The Modugno gauge. The Bureau of Ships has developed a diaphragm 
type of gauge knovm as the Modugno gauge [11]. The effective diaphragm 
diameter is 1 in., and the diaphragm may be of various materials and thick 
nesses. Those used at UERL were either of approximately 0.065—in. copper 
or 0.050-in. thick cold-rolled steel. Comparison of the maximum deflection 
of these plates after being subjected to an explosive shock wave gave the 
relative effectiveness of the explosives, For large charges these gauges 
measured approximately peak pressure, having a somewhat shorter action time 
than the UERL diaphragm gauge but longer than the NOL ball-crusher gauge. 
The theory for these gauges has not been worked out to allow a computation 
of peak pressure from the gauge deflection, even when the form of the pres— 
sure-time curve is known, nor a calculation of the maximum deflection from 
a known pressurc—time curvce 


(iv) Hilliar-type gauges. Mcchanical gauges that integrate the 
pressure-time curve to give the impulse in the shock wave have been de- 
signed following the principles laid down by Hilliar [12]. In this type 
of gauge the water transfers its impulse to a freely moving piston which 
at the end of its travel strikes a copper cylinder or copper sphere, and 
from the deformation of the cylinder or sphere the energy of the moving 
piston at the time of impact can be calculated. From this energy and the 
dimensions of the gauge the total impulse imparted to the piston by the 
shock wave may be determined, as well as the travel time of the piston be- 
fore striking the copper cylinder or sphere (equivalent to the time of inte- 
gration over the pressure=time curve). 


(1) The improved Hilliar gauge. A modification by Hartmann of the 
original Hilliar. gauge incorporated seven pistons of different sizes and 
travel times into the same gauge body [13]. One of the pistons has zero 
travel distance since it is in contact with a copper sphere (essentially 
the same as a ballecrusher gauge). From the gauge dimensions and cylinder 
deformations the average pressure of the water shock wave during different 
time intcrvals may he calculated, and by plotting these average pressures 
against time a pressurc-time curve may be drawn. While this gauge is some~ 
what difficult to assemble and operate, and the calculations necessary to 
obtain a pressure-time curve are rather lengthy, it is possible to obtain 
a qualitative idea of such a curve without the use of electronic equipment. 


(2) The Hartmann momentum gauge. A Hilliar type of gauge using a 
single piston of large mass with only a small area exposed to the shock wave, 
will measure the impulse over the major portion of the pressure—time curve. 
This gauge is much simpler to assemble and operate than the improved Hilliar 
gauge mentioned above, and the calculations of the "total momentum" may be 
made by reference to a graph of impulse versus deformation. However, it 
daes not give any information regarding the form of the pressure-time curvee 
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III, TYPE OF RESULTS OBLAINED 


De Comparison of weapons with different explosive fillings 


Concurrent with the continued development of better instruments for 
measuring the effects of explosions, the major portion of the work of the 
RELIANCE was in comparing different explosive fillings in various weapons. 
Because of unknown variables and variables not subject to control it was 
necessary to make all comparisons against a standard fired under identical 
conditions. Thus any uncertainty of the explosive effectiveness due to 
change in the absolute level as measured by the RELIANCE instruments was 
eliminated. Such changes in absolute level were inevitable with the con— 
tinual evolution of the instrumentation. Since charges were usually at 
least in duplicate, a given series was usually divided into two or more 
strings with one charge of each type being fired in each string for the pur- 
pose of comparing the primary variable. Jf there were secondary or tertiary 
variables, such as orientation effects or booster effects, these could be 
compared from one string to another [1], 


(a) Procedure followed in analysis of data. -- The principal results 
obtained in comparing explosive fillings and other effects were ratios of 


gauge readings for a particular explosive to those for standard explosive, 
usually TNT. However since the effort necessary to obtain the data was so 
great, a rather elaborate statistical analysis was carried out which elimi- 
nated many gross errors and at the same time ensured that all good data 
were usable. 


After the experimental data had been entered in tabular form, according 
to the distance from the charge and the type of measurement (that is, ball- 
crusher, Modugno and UERI-diaphragm deformation, piezoelectric peak pressure, 
momentum and energy, and Hilliar or Hartmann momentum), the percentage 
difference between the reading of two gauges forming a pair of a given type 
at a given distance was calculated. The standard deviation between two 
gauges was determined from the percentage differences for all pairs of a 
given type of gauge. When the percentage difference between two gauges form— 
ing a particular pair exceeded three times the standard deviation between 
two gauges of that type for that whole string, one of these two gauges was 
considered to be suspect. Examination of the gauge itself or comparison of 
its results with the results of other gauges would usually determine which 
gauge of the suspect pair was giving anomalous results, so that that partic- 
ular gauge value could be eliminated from consideration. 


For each string the ratio of the reading of a single individual gauge 
on a given explosive to the reading obtained by the same gauge for the stand— 
ard explosive was calculated. These ratios were then averaged for all gauges 
of a given type and the standard deviation of the individual ratios from the 
mean was obtained, The ratios for each gauge type from the varieus strings 
were compared to one another for reproducibility between the strings and 
then were averaged over all strings and the standard deviation of the ratios 
from the mean and the standard deviation of the mean calculated. (At any 
point in the analysis where an individual gauge ratio deviated from the mean 
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of all gauge ratios by an amount greater than three times the standard de- 
viation from the mean, that ratio was considered suspect and gauge readings 
for the two shots were examined individually for possible errors, Usually 
suspect values found in this manner were also suspect on the basis of the 
analysis of percentage difference between the two gauges of a given pair.) 
The mean of the ratios so obtained gave the average difference between the 
two explosives for an equal volume of charge measured at equal distances 
from the charge. This particular type of comparison may or may not have 
been the one desired for a particular application but other types of ratios 
could be calculated as discussed below provided the weight and distance ex-— 
ponents and the densities of the various explosives were known, 


When secondary variables were being studied it was necessary to Zo 
through similar analysis comparing the results from the same explosive be-— 
tween the different strings, When it was not desired to study the effect 
of secondary variables it was the practice to change the charge-to-gauge 
distances betwee pee Tes so as to give a good logarithmic distribution of 
the values of WL 3h, where Wis the charge weight and R is the charge-to~ 
gauge distance. This allowed a well-distributed series of points when the 
results were plotted on log-log paper. 


The standard deviations calculated in the above analyses gave an esti- 
mate of the significance of the results obtained, The 5=—percent significance 
level was usually employed at UERL (a significant difference between two 
values must exceed twice the standard deviation of the difference between 
these values). This level of significance was obtained by using from )0 to 
50 mechanical gauges and 8 piezoelectric gauges on two or three strings, and 
it was usuatly possible to distinguish between two explosives which differed 
by as little as 2 percent, By increasing the number of gauges on each shot, 
or by increasing the number of strings it would be possible to obtain a 
higher level of signiftcance or make closer distinctions. However the large 
increase in the number of gauges or number of shots necessary to appreciably 
raise the significance level was not deemed warranted for this work. 


(b) Conversion from one type of explosive ratio to anaes -- The 
directly determined experimental ratios from the RELIANCE work were usually 


the ratios of the sauge readings for cqual volumes of explosives at equal 
charge-to-gauge distances (Ova). (For convenience, ratios are designated 
in the form vyg, where the létter on the line indicates the ratio and the 
subscripts indicate the quantities which remain constant. In particular, 
Dya means the ratio of the sauge readings D for equal volumes of explosives 
V at equal charge-to-gauge distances de) For certain purposes it was de- 
sirable to compare explosives on a different basis. For example, in air=— 
craft where the pay load is the limiting factor it would be desirable to 
compare the explosive powers from equal weights of explosives at equal 
distances (Dyq)e Also it is often desired to determine the weight of a 
particular standard explosive that is necessary to do the same damage at 
the same distance from the charge as a unit weight of some new explosive. 
The ratio of the weights (Wpq) is referred to as "equivalent weight." 
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The various ratios are defined as follows: 


Symbol Equivalent Definitions 
Dig Oy 4 The ratio of the gauge read— 


ings for equal volumes at 
equal distnaces. 


Dd. ehet(DE S/O) The ratio of the gauge read— 
Me a Une ings for equal weightsat equal 
distances. 


W. (Ww, AW, ) The weight ratio for equal 
a sr gauge readings at equal dis- 
tances. ("equivalent weight"). 


V. (Vv, /V,) The volume ratio for equal 

me se ere: gauge readins at equal dis- 
tances. 

d (a,/d. ) The distance ratio for equal 

BY eet gauge readings from equal 
volumes. 

d (an /d®)= The distance ratio for equal 

DW 2/4 /D,W 


gauge readins from equal 
weights. 


Wy (W/W) y The weight ratio of charges of 
equal volume (density ratio). 


where 


gauge reading 
charge weight 
charge-to-gauge distance 
charge volume 


qasa0 
Ma Rie 


If it is assumed that the gauge readings follow the law 
Dee 
gh 


where m and n are constants determined by the properties of the diaphragm, 
conversions from one type of ratio to another are fairly simple. The equa— 
tions for conversion are as follows: 


1/m 
Dg = My yg “na = va 
: 1/n 1/n 
Sq Wa Any = Ova 
& Fes lf 
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Table I will be found convenient for making conversions from one ratio to 
another. 


Table I, Conversion from one type of ratio to another. 
Ratio 


Row). Uva | Dig Wg VDq doy doy 
Wanted 


Da 

“ba at 
Tar a eae 
a ms Da | nay 


Extreme caution must be exercised in converting from one type of ratio 
to another, due to the high sensitivity of the conversions to weight and 
distance exponents. The weight and distance exponents for the mechanical 
gauges are not constant for different charge weights and different charge— 
to=gauge distances, since the gauge reading is dependent on the decay con— 
stant of the shock wave. Any determination of gauge exponents suffers from 
very low precision,2 originating in uncontrolled variables (such as load— 
ing variations) over the large number of shots necessary, and, to a certain 
extent, in the inherent difficulties discussed above. 


6 Other types of data obtained 


Data were obtained in the course of these studies in addition to the 
comparison of the effectiveness of various explosives, Among these were: 


(a) Effect of charge orientation, — The asymmetry of the shock wave 
resulting from the explosion of an asymmetrical charge was determined, 
usually as a secondary variable in an explosives comparison series, This 
information was useful in ascertaining whether or not a major portion of the 
explosive energy was being released in a direction which was not likely to 
include a target. 


(b) Booster effects. — The size, composition and location of boosters 
were also studied, both as primary variables in series especially designed 
to study booster effects, and as secondary variables in explosives comparison 
serieSe 


] i 
3 See Sec. 8(d). 
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(c) Shape effects, —- Charges of various shapes were fired and the 
shock wave studied in various orientations from these chargese These dif- 
ferent shapes were confined to spheres, and to cylinders with different 
ratios of length to diameter. 


(a) Similitude laws, — The relationships between the reading of a 
given gauge and the charge weight and charge=toegauge distance were deter- 
mined, This work was much more difficult due to the fact that it involved 
the absolute level of the various quantities. It was not until the instru- 
mentation was fairly well stabilized that it was desirable to publish such 
results, and even then it has been necessary to revise the absolute levels 
reported on occasion, 


(c) Multiple charges, —- A study of the effects of subdividing a charge 
into smaller units of the same total weight as a given single charge, and 
the comparison of the results so obtained, was carricd out in preliminary 
experiments. In this work it was extremely important to consider the 
various measured parameters in different directions from the charge, 


(£) Surface effects, -— The effect of the air-water interface and the 
bottom in producing reflected rarefaction and pressure waves has been 
studied under various experimental conditions. 


In Part III the type of work which was done on the RELIANCE has been 
summarized. The details of the results are being reported elsewhere {15]. 
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IV. DETAILS OF INSTRUMENTATION 


7. Piezoelectric gauges and associated equipment 


Eight separate channels were uscd to transmit, amplify, and record the 
Signals from eight tourmaline gauges. The cight cables for the gauge sig- 
nals, plus cables for the pilot gauge signal (when still—film cameras were 
used) and the firing line cable, were all made up into a unit for convenience 
in paying out. The pilot gauge cable was interchangeable with those of the 
recording gauges, and under certain conditions could serve as a spare. 
Writing speeds for the oscillographs from over 3004 sec/ine with the elec 
tronic sweep and still-film camera dowm to less than 100 msec/in, with the 
rotating—drum cameras were available, Block diagrams showing the connec 
tions of the various components for both types of recording are given in 
Figs. 6 and 7. The individual components were so designed that one type of 
recording may be substituted for the other in less than 30 minutes by chang- 
ing patch-cord connections and camera backs, 


(a) Gauges. — (i) Crystal elements, The piezoclectric gauges used 
for RELIANCE work were constructed from tourmaline wafers of approximately 
1/8-in, thickness and 1/2~in, diameter (Fig. 8). Electrodes were attached 
to the faces of these elements by various means, the more successful of 
which have been the Brashear silver-electrolytic copper and the baked sil- 
ver spray process [2,3]. 


(ii) Assembly of crystal elements. The crystal elements with elec-— 
trodes attached were assembled inta doublet gauges (Type A) or quadruplet 
gauges (Type B) [2]. In the Type A assembly the positive faccs of the two 
erystals were sweated together and attached to the central conductor which 
was led off through a copper tube, while extensions of the copper tube were 
fastened to the two outside negative faces of the two crystals. In the 
Type B assombly (Fig. 8) two doublet clements similar to Type A were fastened 
on either side of a central stcel tab, The two outside faces and the two 
central facos of the crystals were negative and were connected clectrically 
to this tab which was then fastened rigidly to the copner tube. The two 
positive electrodes were connectcd to the central conductor which was led 
through the copper tube. Due to the use of mich thinner crystal elements 
in Type B it was possible tocmploy quadruplet gauges with an over-all thick- 
ness no greater than 1/8 in. 


(iii) Waterproofing the completed gauge. Various methods of water— 
proofing these gauges have been found to be satisfactory. Among the materials 
used were moulded rubber, rubber tape and Bostik cement, Tygon and Zophar 
wax G276. The last material mentioned was found to be the most satisfactory 
in warm weather, but rubber tape and Tygon were better in cold weather. 

Good coatings on guages must be mechanically strong, have satisfactory 
dielectric properties, be free of bubbles, be adhesive, be free of electrical 
Signal, be thin and easy to apply. 


Des 
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(iv) Calibration. The amount of charge developed by a given gauge 
per unit change in applied pressurc was determined by means of a "static" 
microcoulometer technique [2], The assembled but unmounted gauge element 
was subjected to 3000 1b/ing pressure which could be suddenly released, 
and the charge developed by the gauge read on a microcoulometer.: Calibra~ 
tion of unmounted elements by this technique was reproducible to better 
than 2 percent but owing to the following factors the absolute value of the 
gauge constant in actual use was not necessarily represented by this pre-~- 
cision: (1) the static calibration did not subject the gauge to a pro= 
gressive shock wave simulating that which the gauge is used to measure; (2) 
the gauge Pahoa may have been modified during mounting and coating; (3) 
cable signal4/ may have caused a variable apparent gauge constant diifcrent 
from the actual gauge constant; () gauges may have been unlmowingly dam 
aged during use thus altering their constants. 


(b) Electrical cables. — The transmission of the gauge signal from 
the gauge to the recording vessel was a major problom in studying large cx- 
plosive charges, The clectrical signal produced by the gauge was small, 
and the long cables necessary caused attenuation of this signal and did not 
have a linear frequency response, In addition to this it was found that 
concentric cables themselves gave off a signal when subjected to mechanical 
stress. These problems have been dealt with in detail by R. H. Cole clse- 
whore [] but are presented below particularly with view to the RELIANCE 
worke 


(i) Cable signal. When a coaxial cable is struck by a shock wave an 
electrostatic charge is develoved between the shicld and central conductor. 
In a high impedance system such as encountered in using piezoelectric 
gauges the magnitude of the charge so developed may be large relative to 
the charge developed by the gauge itself, If the cable is leading directly 
away from the gauge, this signal does not affect the peak pressure value 
obtained, since the shock wave will not have struck the cable before the 
peak has been recorded. However, if it is desired to obtain the complete 
pressure-time curve this signal may introduce serious distortion, either 
positive or negative, As it was not practicable to construct gauges with a 
higher voltage output, it was necessary to overcome this problem by the use 
of cables with very small cable signal. 


The cable used at UERL for this purpose was the type developed by the 
Taylor Model Basin [16]. This consisted of a copper tube of 1/8<in. outer 
diameter and 1/16~in, inner diametor through which was led a fiber~glass 
insulated enameled wire which served as the central conductor, Hot ceresin 
wax was dravm into the space between the central conductor and the tube. 

The cable signal developed by this tube was small compared with the gauge 
signal, The piczoelectric gauges were attached to 20 ft of the tube for 
most work which, since it lead directly awey from the gauge in the direction 
of the propagation of the shock wave, gave a h-msee interval during which 
the cable signal was as low as possible. When pressure—time curves over 
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longer time intervals were required, longer lengths of copper tubes wore uscd. 
These copper tubes stood up well with the normal handling on the RELIANCE but 
they did "wear out" with time (that is after they had been in use for con= 
siderable periods of time they gave larger spurious signals when struck by 

a shock wave). Between the end of the copper tubes and the recording equip— 
ment it was satisfactory to employ commercial shiclded cable, such as micro— 
phone cable or Army-Navy type RG-l1/U, since the shock wave did not strike 
this cable until after the desired signal had been recorded. 


(ii) Frequency response of cables. In addition to the aistortion of 
the signal due to the finite size of the gauge and to cable signal, further 
distortion may be caused by lack of lincar frequency rcsponse. This may be 
due either to impedance mismatch between the cable and gauge or cable and 
oscilloscope, or to the dielectric absorption of the cable. Both of these 
difficulties can be overcome by the use of the proper terminating networks 
at the end of the cable []. 


For the early work done on the RELIANCE (previous to shot RE~125) the 
cables were compensated by a resistance=capacitance—inductance network at 
the input to the amplifiers of the cathode-ray oscilloscope (Fig. 9). 


This compensation circuit is familiarly reforred to as "single-ended" 
compensation, After shot RE~136, "double=ended" compensation was uscd. 
For this a resistance-capacitance network is placed at the input of the 
cathode=-ray oscilloscope and also at the far end of the cable as shovm in 
Fige 10. With the double-ended system of compensation the steady-state 
response of the cable is flat within + 3 percent up to 100 ke/see and the 
rise time for a step—impulse input is 2/;sec and the overshoot not more 
than 3 or ) percent compared to the step height at 1 mscc. 


The compensating network at the far end of the cables is inserted in 
the form of a small patch cord between the cables leading up to the surface 
and the 600-ft surface cables leading back to the RELIANCE, These units 
were suject to frequent failure from mechanical stress until the type of 
construction shown in Fig. 11 was adopted. These patch cords for the dif- 
ferent cables were all interchangeable, so that in case of failure they 
could be quickly replaced with a spare patch cord. The compensating net- 
work at the oscilloscope end of the cable was located at the input to the 
master control panel, These networks were also identical and wore of the 
plug-in type, so that one network could be quickly removed and another one 
plugged in. The condenser in the lattjcr network also served as the stand— 
ard condenser for the Q-calibrations. 


(c) Recording equipment, — After the signal had been brought to the 
recording vessel, it was necessary to make a permanent record of the trane 
sient voltage produced by the shock wave crossing the gauge. Cathode-ray 
oscilloscopes were uscd with photographic recording for this purposc. 
Associate equipment involved voltage-step sources for calibrating amplifier 
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Sensitivity and camera magnification, a capacitance bridge for measuring 
cable capacitance when the Q=-step was not used, standard frequency sources 
for the time calibration of the sweep or film speed depending on whether 
still~film or rotating-drum cameras were used, electronic sweeps for still- 
film cameras, and the necessary cameraSe 

All of this equipment was efficiently housed in the electronics cabin 
built into the hold of the RELIANCE, the plan for which is show in Fig. 2. 
The arrangement of the various electronic components is shown in Figs. 12, 
13, and 1. The panels forming the cabin bulkhead behind this equipment 
were removable to allow minor servicing and the changing of patch-cord 
connections (Fige 15). 


(i) Master control, For routine shooting, where many channels are 
used, the length of time and large chance for error involved in connecting 
and disconnecting gauge lines, steppers, frequency sources, sweeps and 
tripping devices into the oscilloscopes make it imperative that some form 
of master control panel be used [17]. With this master control panel all 
switching operations were made by turning a single knob. Positions were 
available for voltage step, Qe-step, time calibration, and firing, as well 
as for resistance and capacitance tests of cablss. The circuits were inter- 
locked so that it was not possible to fire the charge wnless the master con— 
trol panel was in the firing position. A meter was available on the master 
control panel by which the various cable resistances could be measured by 
turning a selector switch. There was also space in the back of the panel to 
provide for the plug-in cable compensation uetwork. 


Ga) Oscilloscope and amplifiers, The Dumont 208 oscilloscopes were 
used as the recording equipment with certain modifications, A low-impedance, 
compensated, step attenuator was inserted to give reproducible amplification 
settings. The frequency-compensation circuits were modified so that the 
oscilloscope had a frequency response flat to within ae percent from about 
5 eycle/sec up to 300 ke/sec, with no rise at 00 ke/sec, The accelerating 
voltage of the cathode-ray tuhe was increased enough tc allow writing speeds 
up to 3 in./msec. Beam brightening and positioning could be controlled ex= 
ternally, and a single, repeating single, or continuous sweep was provided 
externally. The sensitivity range was from 5 v/in, deflection minimum up 
to 50 mv/in. deflection, The deflection-voltage ratio agreed to within 1 
percent up to 1-1/2 in, deflection. Type 5LP5 tubes were used originally 
and later 5CPS tubes were used, These tubes had short enough persistance 
so that they could be used successfully with rotating-drum cameras. 


(iii) Voltage stepper. To calibrate the amplifier sensitivity and the 
magnification factor of the camera, it was necessary to place a known volt= 
age on the plates of the oscilloscope and measure the resultant deflection 
recorded by the camera. This was done by changing the voltage level on the 
vertical plates when the trace was part way across the tube (in the case of 
the still-—film camera) which resulted in a step. The use of Q-stcp net- 
wor allowed an estimate of both the high— and low-frequency response of 
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the system by noting the rise of the step and its decay. Voltage steppers 
which have been employed at this laboratory have used as standard voltage 
sources both battery and regulated electronic power supplies [17]. Steppers 
using a battery as a source of standard potential have the inherent diffi- 
culty of being high-impedance devices. The electronic stepper which depends 
upon voltage regulator tubes as the source of standard potential has a low 
impedance output which is essential for use with the Q-step, The voltage 
stepper involved a time delay and a switching circuit. The time delay was 
so adjusted that the potential was switched from one level to another after 
the spot had progressed a certain distance: across the screen. Any one of 
several standard voltages was selected so that the step height corresponded 
roughly to the expected peak height of the pressure-time curve. The steppers 
were also provided with an exponentially decaying step which approximates 
the form of the shock wave. This proved to be very useful for determining 
the frequency response of the oscilloscope as well as checking focus and 
intensity settings. On the later model electronic steppers a voltage— 
standardization check was provided by checking the potential source from 
the VR tubes against the potential of a dry cell. Periodic checks of both 
the electronic and battery sections were necessary with a standard cell 

and potentiometers. A triggering pulse, emitted with the initiation of the 
time delay for the stepper, was used to start the single sweep for the still- 
film cameras, or to brighten the beam on rotating—drum cameras. 


(iv) Capacitance bridge. When the voltage calibration was used it was 
also necessary to determine the capacity of the gauge and cable system in 
order to calculate the gauge output. A capacitance bridge, included with 
the RELIANCE equipment for this purpose, was based on a substitution method 
in a bridged-T network [17]. The nominal driving frequency for the bridge 
was 10 ke/sec. This bridge was also used to aid in locating faults in 
cables as well as for measuring the standard condensers used in the Q-step. 


(v) Q-step calibration network. By applying a known voltage in 
series with a known capacitance across the cable used, it was possible to 
eliminate the necessity of independent voltage and capacitance determinations 
[4,17]. The principle of this is illustrated in Fig. 16. For recording 
signals the connection is as shovm in Fig. 16(a) and the output voltage Vt 
is 


where CoVo is the charge developed by the gauge and Co is much smaller than 
oye the cable capacity, For calibrating the cable and indicating instruments, 
the connection shown in Fig. 16(b) is used and a step voltage Vs is applied. 
The output voltage under these conditions is 
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Solving these two equations for CoVo we have 


Vy, 
CV = CVs Gs 


The unknown charge CoVg may therefore be determined from a known quantity 
of charge CyVs and the ratio of the voltage outputs. This voltage ratio 

is the ratio of the displacements on the cathode~ray oscillograph screen 

as recorded by the camera. In actual practice the standard condenser Ct 
was a part of the cable terminating circuit (corresponding to C2 in Eig. 10). 
In addition to the greater ease in calibrating, the Q-step allows an esti- 
mate of the cable response characteristics. For example, if the cable had 
low impedance due to dielectric or salt-water leakage, the Q-step fell off 
exponentially. The conditions under which the records were actually made 
were thus known, and pressure~time curves could be corrected when necessary 
from the Q-step record by the superposition theorems, 


(vi) Time standard, The standard frequency source commonly used on 
the RELIANCE for calibrating the time base was a multivibrator which was 
driven by a 100 kc/sec crystal-controlled oscillator [17]. Frequencies of 
25, 10, 5 and 1 kc/sec were available, Some of the earlier circuits for 
this multivibrator would allow it to lock in on some sub-multiple of the 
oscillator frequency other than the one desired but later designs overcame 
this difficulty. The multivibrators were checked in the field by a battery— 
operated, resistance-stabilized L-C oscillator which was stable to 0,1 per— 
cent, thus allowing any major discrepancy in frequency (due to the wrong 
interlocking) to be detected. These frequency standards were checked against 
the standard frequency of radio station WWV, 


(vii) Still-film cameras, The still-—film cameras omployed were mounted 
in a specially built camera hood fitted on the Dumont 208 oscillograph aval 
An £/2.0, 50-mm focal length lens was used with a manual flap swinging in 
front of the lens as a shutter. Diaphragm-type shutters were not found 
satisfactory because of trouble with the cable releases, The flap type 
shutter was very satisfactory since it was positive in action and shutters 
on several cameras could be very easily ganged to operate as once unite 
Cut film 2-1/) x 3-1/) in. was used in a Recomar holder fitting into a 
camera back which could be rotated to give four different exposures on a 
Ss ingle film. 


(viii) Sweeps When a still-film camera was used the cathodesray spot 
had to move across the screen at a uniform speed. This was done by means 
of a linear time base which swept across the screen once after being 
triggered, at’ the same time brightening the beam so that it recorded on the 
photographic film. Sweep speeds were avatlable from 125a1sec/in. to 12,5 
msec/in. For purposes of adjustment, both automatic intermittent single 
sweeps and continuous sweeps, in addition to triggered single swecps, could 
be obtained from this linear time base [17]. 
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The sweep speed was calibrated by placing the output of the time stand- 
ard described in paragraph (vi) on the vertical plate of the cathode-ray 
tube; this calibration was done immediately before the shot was recorded in 
order to minimize any possible drift in sweep speeds. 


The most reliable method for tripping the sweep was by the use of a - 
pilot gauge at some point between the recording gauge and the charge. The 
signal resulting as the shock wave struck the pilot gauge actuated both the 
sweep and beam brightener, The distance between the pilot gauge and record~ 
ing gauge determined the time interval between the beginning of the trace 
and the peak of the pressure-time curve. 


(ix) Time delay. For recording several phenomena which occur within 
a few milliseconds of each other, only one sweep circuit necd be used, the 
X-axis positioning control being adequate to cause the record of the desired 
phenomena to occur at the proper position on the cathode-ray tube sercen. 
However, if these phenomena occur at times differing by more than a few 
milliseconds, more than one sweep must be useds Such a situation exists when 
gauges are used for recording the shock wave at several distances from an 
explosion. As additional pilot gauges for tripping thé additional swceps 
would require additional cables for transmitting the tripping pulse back to 
the vessel, it is more convenient to use a circuit capable of producing 
pulses for tripping the later sweeps at fixed time intervals after receiv- 
ing the pulse from the trip gauge, A time delay circuit which would give 
one pulse with zero time delay, and two other independent pulses at any de- 
sired time from 0 to 100_msec after the trip pulse input was uscd routinely 
with still~film cameras on the RELIANCE. The two gauge pairs at the two 
closest gauge positions all operated on a sweep tripped at zero delay, the 
third gauge pair on a second sweep tripped by the first time delay, and the 
fourth gauge pair on a third sweep tripped by the second time delay. 


(x) Rotating-drum cameras. Camera backs fitted with rotating drums 
of 10.0-in. circumference were alsc used on the regular camera tubes mounted 
on the oscillographs (Fig. 17), For the eight channels on the RELIANCE 
these cameras were driven by means of flexible shafts from a conmon drive 
shaft. Also driven from this common drive shaft were the synchronizing 
control cams and tachometer in the sequence beam brightener panel, These 
synchronizing cams fired the charge at a timc so that the record would not 
come on the break in the film, brightened the cathode-ray beams at the be- 
ginning of the revolution and shut them off at the cnd, and also caused 
the crater tubes to flash for one revolution. These crater tubes are driven 
by the multivibrator described above. 


Among the advantages of the rotating-drum camera for this work are the 
following: (1) the time calibration can be recorded simultaneously with ~ 
the pressure-time curve; (2) there is no difficulty in reading the records 
due to nonlincarity of sweep speeds; (3) it is not necessary to use a trip 
gauge or other device near the charge to brighten the beam for recording, 
since this is done by control cams; (1) non-orthogonality of the cathode- 
ray tube plates need not be considered; (5) a large range of recording 
speeds is casily obtained and by means of the tachometer the approximate 
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recording speed being used is mown in advance; (6) by means of the scquonce 
beam brightener, the several aatzerenk channels may be made to record at 
several widely different times; (7) the length of a single trace can be as 
much as 10 in., which is 10 ee greater than the usable trace obtained 
with a still-film camera. 


The sequence beam brightener, in conjunction with the control cams, 
brightens the beam for various intervals as indicated in Table II, 


Table.IT., Duration of beam brightening for various sequence 
beam brightcner settings. 


Master Control Q-Step V-Step 


Beam-Brightener Interyal of Beam Brightening* 


Setting (degrees) 
1 180 - 360 
2 180 = 360 360 = 50 
3 | 360 = 50 SO = 720 


* : aes 
Angle of rotation from zero positions of the control cams. 


The displacement of the base lines for these calibration stcps from 
the base line of the pressure-—time curve is interlocked with the switching 
in the master control panel. 


(xi) Crater tubes. For placing the timing frequency from the multi- 
vibrator on the film, 6 Sylvania type R+1130B tubes ("cratcr" tubes) were 
used, Each one was mounted inside the individual camera tubes and the im- 
age of the spot plactd in the plane of focus of the camera by means of a 
prism (Fig. 17}. A power unit driven by the mulvivibrator was necessary 
to operate the crater: tubes, It was found that the crater tubes would not 
start properly in tothl darlmess, so a 1/l-watt neon bulb was piveed ad= 
jacent to each one to photosensitize it. 


(xii) Record identification. A minor but very essential part of making 
a record is in its identification. This should Be done while the film is 
in the camera, at the time the record is made. A device found woll=suited 
for this purpose was designed by J. P. Slifko, and consisted of a small 
portable projector with adjustable numbers, which, when placed over the 
viewing eye piece on the camera tube, would throw the image of the desired 
numbers on the screen of the cathode-ray tube. This image was then photo- 
graphed on the film in the camera, When used with rotating—drum cameras, 
the drums must be stopped before this can be done. 


(ad) Analysis of records. —- The cathode-ray oscilloscope trace of the 
pressure-time curve recorded on the film must be transposed into absolute 
units of pressure and time by comparing it with the Q=step and time cali-~ 
brations. The pressure is given by 
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where KA [aucoulomb/(1b/in$)] is the constant for the gauge uscd, hy and hy 
the, pressure height and step height, respectively, and the other quantities 
are as defined previously. When the voltage step is used in place of the 
Q-step cclibration, Cy becomes C, the total capacity in the gauge circuit. 
The determination of the impulse and energy factor involves, the evaluation 
of fr dt and {Pe dt, usually by means ot the trapezoidal rule. This re- 
quires recording the valucs of the pressure at a large number of times from 
the pressure-time curve. The following methods have oecn found most satis- 
factory for this work on a routine basis, 


(i) Micrometer microscope. A micrometer microscope with 2 calibrated 
stage for moving the film at right angles to the micronetcr in the eyepicce 
was formerly used for analysis of all records, The film was aligned on the 
stage so that the pressure axis was measured by the micrometcr cyepicce and 
the time axis was measured by the scale on the stage. The ocular units of 
the eyepiece were transposed to pressure units hy comparison with the height 
of the step, while the time units of the stage scale were transposed into 
time units by comparison with the standard timing wave on cach filn. 


These records wore usually integrated graphically in terms of the 
ocular and stage units and transformed into absolute units after intcgra~ 
tion. When desired the set of points was plotted on graph paper in terms 
of absolute units. 


(iL) "Harp", A device was developed for obtaining a photographic 
projection of the pressure-—time curve superimposed on a two-dimensiondl 
grid adjusted to read absolute pressure and time units, This device, which 
is knowm as the "Harp" (Fig. 18), consists of a photographic enYarger with 
one fixed and one adjustable grid at right angles, immediatcly over an 
easel holding a shect of photographic enlarging paper. The film is placed 
in the enlarger with the pressure axis parallel to the fixed grid lincs, 
and the enlargement factor is adjusted until the fixcd grid reads convenient 
units of the time scale. This involves comparison with the time base which 
was placed on the record at the time the shot was made, 


After the time scale is adjustcd, the image of the Q-step is thrown 
on the paper and the adjustable grid is moved so that it will read in con- 
venient pressure units. This is done by calculating the pressure that 
corresponds to the step height, using the formula: 


GENE 


Pe A ° 


In cases where tho voltage stcp,is. used, Cy becomes the capacitance C of the 
gauge=cirduit cable. The adjustmont of the horizontal grid is made so that 
the step reads that particular pressure in absolute units on the grid. 
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As this adjustable type of grid has proved to be extremely useful and 
has not been reported elsewhere by Division 2, it will be described in 
greater detail. It was first developed at the Woods Hole Oceanographic 
Institution by Ewing and Vine for use in the analysis of bathythermograph 
records. On two opposite sides of a parallelogram are placed strips with 
holes equally spaced, Thread or wire is strung through these holes to form 
the grid. The most satisfactory material found for use with this particular 
instrument has been black nylon filament. As the parallelogram is closed 
or opened, the spacing between the grid strings becomes smaller or greater. 


This was adapted to the Harp by adding a fixed grid mounted immediately 
below the strings of the adjustable grid. ‘Small angular adjustments are 
allowed for slight deviations from 90°, correcting for any non-orthogonality 
of the cathode-ray tube plates, The whole assembly may be rotated, or moved 
in a vertical or horizontal direction to allow the base line and origin of 
the pressure and time axes to be set to correspond with that on the image 
of the pressure-time curve. These adjustments are 211 made by means of 
screws whose controls are conveniently located for the operator. After ad- 
justing the Harp so that the pressure and time grids read in absolute units, 
and the origin and base lines are properly aligned, the front of the assembly 
is raised to allow the photographic paper to be placed below the grid. The 
back of the assermbly is rigidly hinged so that it cannot get out of adjust- 
ment during this process. The assembly is returned to its rest position, 

a mask is placed around the edges of the paper to identify the axes and 
place a form in the upper right hand corner of the projection for recording 
pertinent data, The timing calibration shows directly on this projection, 
allowing a check of the units of the time axis at any later time. A projec- 
tion of the calibration step is also made which allows the units of the 
pressure axis to be checked later if necessary. 


The Harp reproduces photographically an exact graph of the original 
trace of the pressure-time curve, This obviously has many advantages: (1) 
the tedious readings on the micrometer microscope have been eliminated; (2) 
time and pressure calibrations may be checked dircetly on the prints; (3) 
the process is photographic which means that the original piezoelectric 
record may be inspected in detail in its enlarged form, and fine structure 
which may be present may be immediately detected. This is not the case with 
micrometer microscope readings since the fine structure is often too detailed 
to record point for point, A very important advantage of Harp projection 
is that the projected records themselves indicate the uncertainties in 
values due to poor traces, width of trace, and so forth, This was not 
possible when the records were read on the micrometer microscope by tech— 
nicians. 


Peak pressures may be read directly from the records and the impulse 
and energy integrals may be calculated by the trapezoidal rule as they were 
from the micrometer microscope readings. With regard to the Q=stcp there 
is a small overshoot at the beginning which amounts to from 1 to 3 percent 
(compared to the step height at 1 msec.) due to the frequency response of the 
system. Since the major portion of the pressure-time curve is used for 
measuring impulse and energy, the Harp is set on the Q-step 1 msec after the 
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step. This gives a good average setting. However, for measuring peak pres— 
sure a downward correction corresponding to the difference between the set- 
ting of the step and the value for the step at t = O must be made. The peak 
pressure read directly from the Harp projection is always high due to this 
factor. This illustrates another value of using the Q-step calibration since 
the cable response, being the same for the pressure record as it is for the 
step record, is taken into account in reading the pressure, impulse, and 
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(iit) The mechanical evaluation of the impulse and energy integrals. 
Even with Harp records the integration of the pressure—time curve for impulse 
and energy by the trapezoidal approximation was still a time-consuming 
precess, Linear planimeters were available for evaluating the impulse, but 
quadrate planimeters for the energy integral were not available. For this 
reason a mechanical integrator which would simultaneously evaluate both the 
impulse and energy functions under the pressure~time curve was designed and 
constructed [18]. By the use of this integrator the impulse and energy in- 
tervals may be rapidly evaluated using either the Harp projection, or the 
original film in conjunction with an internally contained projector. 


(iv) General considerations of the integration of pressure-time 


curvese The question as to how far out on the time axis the integration 
should be carried is one which can be answered only by compromise, Since 
most of the RELIANCE work was done for the purpose of comparing explosive 
effectiveness, it has been felt that the amount of energy or impulse de- 
livered in a time comparable with the time of damage of the target is the 
important factor, For this reason the pressure-time curves were integrated 
to some constant time value which was the same for all of the particular 
charges being compared in a given series. The value used was usually from 
‘to 8 times the time constant of the shock wave. Integration to these 
times included almost all of the energy in the shock wave but did not in- 
clude nearly so large a proportion of the impulse. This integration to a 
constant time could not be used where it was desired to obtain similitude 
curves for the different explosives, For this purpose _it was necessary to 
obtain the time constant for the particular value of wt 2/R involved and to 
integrate to some exact mul tiple of this value. The time constant must be 
taken from the curve of efit versus w1/3/R, which is the best line drawn 
through values from all charges and gauges of a given series. Otherwise 
errors due to the low precision in measuring the time constant will exag- 
gerate the errors in impulse and energy being integrated. 


The integral [pe dt is transformed into the energy of the shock wave 
by means of the factor A/poCo»e The quantity A is 
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while Q0Co = 5658 x 0.0065T, where T (°C) is the temperature of the sea 
water, valid for T = O to 20° [19], 
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For spherical shock waves the energy factor calculated from [ee dt does 
not include the entire shock wave energy. A better approximation to this is 
given by the /Pi/P dt} dt. This takes into account the after-flow correction 
due to the spherical form of the wave, which may amount to as much as 25 pere 
cent of the value of the energy factor at distances of less than 20 charge 
radii.l/ ‘Hence the energy calculated from /'Pé dt which is reported for 
RELIANCE results is referred to as the "energy factor." 


(e) General comments concerning piezoelectric instrumentation, The 
rather comprehensive information concerning the pressure-time rclationships 
resulting from an underwater explosion which can be obtained by the use of 
piezoelectric gauges is invaluable but at the same time requires much work 
and infinite patience when compared to the ease with which results may be 
obtained from mechanical, gauges, To maintain 6 channels in operating con— 
dition the following personnel requirements must be met: maintenance and 
repair of gauges and cables, 3 semi-skilled persons; checking and operating 
equipment on board vessel, 1 technician (college training or equivalent ) 
with help from cable men; development, construction, repair, maintenance, 
and laboratory checking of electronics equipment, 1 to 3 college~trained 
electronicians; analysis of piezoelectric records and working up results, 

1 college girl with major in mathematics or physics and 2 assistants with 
college training; supervision of all work, correlating field work, laboratory 
work, and record reading, trouble shooting, planning and execution of ex— 
periments, 1 college trained man experienced in electronics, physics, and 
underwater explosion phenomena, The above is the staff required for average 
loads, and- does not include scamen to set the charge and gear. Under peak 
loads additional help is necessary. 


8, The UERL diaphragm gauge 
The first gauge to be successfully uscd at this laboratory for compar= 
ing explosives was the UERL diaphragm gauge [1,5,20] (Fig. 19)¢ 


(a) Description. -- This gauge is constructed by welding a 3—in. 
length of j-in., double extra strong steel pipe (finished to an inner diam 
eter of 3.270 in.) to a square base of 1/2—in. plate. A top plate in which 
there is a hole of the same diameter as the inner diameter of the pipe is 

‘welded on. A copper or stcel diaphragm is then placed over this top plate, 
a cover plate slipped over the diaphragm, held in place by 8 cap screws. 
Diaphragms which have been used have been of No. 1) B and S gauge electro-— 
lytic copper, No. 20 and No, 1) U.S. standard gauge hot-rolled steel, The 
ll-gauge steel diaphragms were the ones commonly used, the tensile strength 
being about 60,000 Ib/ins Small variations in the thickness of the stecl 
made it necessary to correct all deformations to a standard thiclmess of 
0.085 in. Thickness corrections were made according to Kirkwood theory, 
and later according to empirical results obtained during shooting with 
small charges. 


(b) Measurement of explosive effectiveness, — The relative effective- 
ness of various explosives is measured with the diaphragm gauge in terms of 


the maximum depression of the steel diaphragm caused by the shock wave. The 


Th, B. Arons, private communication. 
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effectiveness may also be measured in terms of volume of the depression, 

but this measurement docs not lend itself to as grcat precision and is also 
more difficult to perform, Dial=type depth gauges with a 6—in. base are used 
to measure this maximum depression to the nearest 0.001 in. During shoot- 
ing the gauges are mounted roughly face-on toward the charge, and it has 
been found that the maximum depression is not too dependent upon the angle 

of incidence of the shock wave. The tilt of the gauge awry from the charge 
must be great cnough so that the diaphragm is deformed unsymnctrically be- 
fore thé depression is affected. 


(i) Precision of results for large charges. The UBRL diaphragm gauge 
has been the most precisc gauge used by this laboratory, the standard dc- 
viation per gauge being roughly 1.5 to 2 percent (talculated from differ- 
enecs betwocn the two members of a pair of gauges). 


(c) Theory. -- The theory of the UERL diaphragm gauge has been worked 
out in detail by Kirkwood [5,21], who has also swamarized the work done on 
the problem of the plastic deformation of circular diaphragms by G I, Tay~ 
lor, Kirkwood, Goranson, and Kennard. For stcel diaphragms the equations 
given in this section which Kirkwood obtained from his parabolic treatment 
have proved to predict the maximum depression to within 5 percent of the 
value obtained experimentally. The symbols used in the equations are as 
follows: : 


Symbol Unit Definition 

Ro in. Radius of circular diaphragm 

Ao ine Thickness of diaphragm 

f° gm/em Density of diaphragm 

car tb/ine Yield stress of diaphragm 

Po em/em Density of liquid medium 

Ry in. Radius of baffle of diaphragm 

Co ft/sec Velocity of sound in the liawid 
medium 

Li Plastic frequency of the dia— 
phragm 

ne] ; msec Decay constant assuming the shock 


wave to decay exponentially 

(P = Py cWt/8, where P is the 
pressure at any time t after the 
peal pressure of the shock wave 
a) 


di Ib-=sce/in$ Impulse of the shock wave; for 
exponentially decaying shock 
waves I = Pn? 


Zr in. Maximum central deflection 


G 7 See Time of deflection 


131 


where 


g(f) = sinf - - sina - Ry # | 
0, 


-1l_, =1 
yt = tan ~& + cos y 


(1 +a a) sin @R,/o,) 


Oe: Keates cos (R/C) FwO sin WH, /C,) 


It will be noted that in order to calculate the damage it is necessary to 
know that the pressure—time curve falls off exponentially at least as far 
out as the time of action of the gauge, and to have the maximum pressure 

and the time constant, which are usually obtained from piezoelectric data. 


(ad) Weight and distance exponents. -- For 0.085—in. ae diaphragms, 
the distance exponent is 1.2, and the weight exponent Op 


9. The Naval Ordnance Laboratory ball—crusher gauge 


The NOL ball-crusher gauge [6] has been used on all RELIANCE shots. 
Various sizes of copper spheres were employed in the gauge and the gauge 
was mounted in various tynes of blocks and orientations. / 


8 SeCe 5(b). 
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(a) Description. — (i) For 5/32-in, spheres. The gauge (Fig. 20) 
consits of a base of 1.5—in, diameter which includes the anvil agsinst 
which the copper sphere is pressed, a stud by which the gauge is screwed 
into the mounting block, and a steel or brass body in which these two 
pieces are mounted, In some versions of the gauge these pieccs of the base 
are made as one unit. The upper part of the base is threaded to accept the 
brass head (cap and piston guide in Fig. 20) of the gauge (also 1.5-in. 
diameter). The center hole of the brass head accepts the piston of the 
gauge, which is 0.5 in. in diameter and 0.5 in. long. The base of the pis- 
ton, which rests against the copper sphere, has a 0.625-in, diameter ridge 
to allow a bearing surface for the small spring that holds the piston in 
contact with the copper sphere at all times, The copper sphere is placcd 
in a rubber centering washer and inserted between the piston and anvil be- 
fore the head is screwed on to the base of the gauge. When completcly 
assembled the gauge is 1+3/ in, in over-all length. 


(ii) or 3/8-in. spheres, This same gange may be uscd with 3/8-in. 
spheres by inserting an adapter ring of 0,218-in. thiclmess between the 
head and the base before assembling. This allows the larger sphere to be 
inserted, and at the same time keeps the piston flush with the outcr face 
of the gauge. 


(b) Measurement of sphere deformation. -- The deformation of the 
copper spheres may be obtained from micrometer measurements of the diameter 
before deformation and the distance between the two flat faccs after de- 
formation. Since the-oriexatation of the copper sphere within the gauge can 
not be controlled, these sphores must have an out-of-roundness which is less 
than the desired precision of the measured deformations. Another factor 
affecting the reproducikility of the results is the hardness of the spheres; 
all spheres must be annealed dead soft. The Paes was checked for all 
spheres uscd at UERL with a drop test machine 2 


Because of the Jarge number of 3/8—in. spheres uscd on each shot, it 
was found convenient to set up a standard measuring procedure for theme 
The spheres were first subjectcd to one hundred percent inspection with go- 
no go gauge to keep any variations in out-of-roundness and diameter to with= 
in 0,0003 in. of the average diameter for the particular lot of spheres 
being used. This inspection made it unnecessary to measure and record the 
diameter of cach individual sphere and identify cach sphere with a particular 
gougee After the spheres were deformed they were placcd in envelopes marked 
to identify them With the giuge and its position during the shot. The de- 
formation was measured by means of a benchetype dial gauge set to read zoro 
deformation for a sphere of average diameter for the particular lot. The 
deformations of the damaged spheres were read directly from the dial. The 
uncertainty in this measurement was the tolerance allowed in the average 
diameter and resulted in somewhat lower precision in the results. However, 
the efficiency gained in servicing the gauges by this procedure made it 
possible to greatly increase the number of gauges that could be uscd on 
each shote 
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(i) Precision. The standard deviation of a single ball-crusher gauge 
on a single shot was from 2 to 3 percent, calculated from the difference of 
readings of the two gauges in the same pair for a number of shots. A de- 
tailed analysis of many ball-crusher results from different sources by 
Brown [8] is in agreement with this estimate. 


(c) Theory. -~ The ballecrusher gauge was designed and constructed by 
the Naval Ordnance Laboratories and used by them to evaluate underwater ex— 
plosion effectiveness empirically in terms of the deformation of the copper 
sphere. Static calibrations of deformation in terms of applied pressure on 
the gauge were also available, later, Hartmann developed the theory for the 
ball-crusher gauge to enable the calculation of the absolute value for the 
peak pressure. This involved the solution of the differential equation, 


EP leo en Piet 
m 


for the gauge. Here Mis the mass of the moving parts (piston, water behind 
it, and a portion of the conper), x-the piston displacement, x the piston 
acceleration, k the force constant of the copper sphere, A the piston area, 
Pm the peak pressure and j(= 1/8) the decay constant of the shock wave, and 
t the time measured from the incidence of the shock wave on the gauge. The 
solution is: 


esr A (4 sinwt — cosat + ener ) 
Fo moe ae Nee 


where 


@ =\ 


A partially analytical treatment of this equation has been carried through 
by E. B, Wilson, Jr. [22], who found that the equation 


P aL /2 
ot = 0.500 + 0.806(H\ 
2 k 

a 
expresses the relation with sufficient accuracy over the range (tie) 1/2 
from 0 to 1,0. Ps is the apparent peak pressure calculated from the force 
constant of the sphere and its deformation according to Pa = kx/A. Sub- 
stitution yields 


oh 04500 + 04806{ ¢ 


For 3/8-in. diameter copper spheres with a force constant of 349 x 105, the 
eae becomes Pm/x = 7.5 + 6.724Mwhere x is in 1o73 in. and P is 1b/in? 
2356 
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Peak pressures calculated from ball-crusher deformations, according to 
the above theory, assuming an exponentially decaying shock wave and using 
the decay constant obtained from piezoelectric=gauge results, give fairly 
good agreement with the piezoelectric peak pressures. In one series of tests 
where the gauges were mounted face=on to the charge, ball-crusher peak pres- 
sures averaged 3 percent higher than piezoelectric peak pressures. In an- 
other series of tests where the ball-crusher gauges were mounted side-on to 
the charge, ball-crusher peak pressures averaged 8 percent lower than piezo- 
electric peak pressures, The latter case covered a wide range of distances 
and the rate of decay with distance of ball-crusher peak pressures was equal 
to that of piezoelectric peak pressures within the limits of error of ob- 
servation [2,25]. 


Calculation of sphere deformation from the pressure—time curve has also 
been made by an iterative method [9], and Halverson and Slichter [10] by means 
of the superposition theorem have calculated the gauge response for shock 
waves which were not exponential. General considerations of the gauge have 
been given by Finkelstein [7], who found that the infinite baffle thickness 
for steel is from 3 to  m 


(ad) Weight and distance exponents, -- For 3/8-in. copser spheres, the 
distance exponent for gauges in the composite blocks (baffled) is 1.2, and 
for those in other mounts ee) is 1.0. Independent of the method of 
mounting the weight exponent is ony 


10. The Bureau of Ships Modugno gauge 

A diaphragm type of gauge dcveloped by the Bureau of Ships from the 
gauge described by Dr. Francesco liodugno of the Royal Italian Navy has been 
used routinely for most of the RELIANCE measurements. This gauge offers no 
particular advantages over the ball—crusher or UBRI-diaphragm gauge and is 
somewhat more difficult to use than the crusher gauge. No adequate theory 
has yet been developed for the llodugno gauges : 


(a) Description. -- The guage (Fig. 21) consists of a steel cylinder 
1-9/16 in. in diameter, in the cnd of which there is a hemispherical cavity 
of lein, radius. a circular diaphragm is placed over the end of the cylinder, 
and a cap with a circular opening l<in. in diameter is screwed over the 
diaphragm and the end of the cylinder. The flat surfaces of the cap and 
cylinder outside the hemispherical cavity have lands and grooves which aid 
in holding the diaphragm securely. The opposite end of the cylinder (below 
the spherical cavity) is machined down to a l-in. threaded stud 2+9/16 in. 
long. 


(i) Diaphra used. Diaphragm thickness varied from 0.02) to 0.067 
in. depending upon the presswre region in which the gauge was used and upon 
the material from which the diaphragm was made. Materials used were both 
soft copper and stainless steel. Each lot of disks used has been calibrated 
statically to allow corrections to be made for variations in hardness or 
tensile strength from lot to lot (Appendix VIII). 


Wace Sec. 5(b). 
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(b) Measurement of deformation. —- The Bureau of Ships recomnends (12] 
that the diaphragm deformation be measured in the gauge by talcing the dif- 
ference between the position of the center of the diaphragm before and after 
the shot. While this was done for all RELIANCE shots, "out-of-gauge" read= 
ings of deformation were also made by placing a depth gauge across the edges 
of the deformed plate and moasuring the maximum depression. Ovt-of=gauge | 
readings were consistently lower than in-gauge readings, but the precision 
of the reading was not markedly different. For the comparison of explosives 
the out-of-gauge readings were equivalent to in-gauge readings, arid are much 
more convenient since it was not necessary they be made in the field nor 
need the gauges be carried back and forth to the laboratory. 


(i) Precision, The lModugno gauge is about as precise as the ball- 
crusher gauge; that is, the standard deviation per gauge per shot is 2 to 
3 percent, calculated from differences between the two members of a pair 
of gauges. However, because of the greater difficulty in handling Modugno 
gauges over ball-crusher gauges, they cannot be uscd in as great numbers 
and therefore the. same degree of precision is not so easily attainable as 
with crusher gaugese 

(c) Weight and distance exponents. — For eaceny copper disks, the 


distance exponent is 1.0, and the weight exponent 0.3.42 


11, Hilliar-type gauges 

(a) General theory. -- During World War I, Hilliar developed in England 
a mechanical gauge which would integrate the pressure—time curve over a 
range of times [12], In this gauge a free piston was accelerated by the 
force due to the pressure of the water shock wave. Aftcr travelling a given 
distance this piston struck a copper cylinder, The kinctie cnergy of the 
piston at the moment of impact could then be calculated from the deformation 
of the copper cylinder, The impulse of the water shock wave transferred to 
the piston up until the time of impeect was then determined frem thc relation- 
ship, 


Gi =< vox VB 


where I = the momentum of the water shock wave 
M = the mast of the piston 
g = the acceleration duc to gravity 
A = the area of the face of the piston 
E = the energy corresponding to the deformation of the copper cylinder. 


The time t over which the gauge integrated is cqual to the time of travel of 
the piston, This may be represented by t # L M/g I A, where Lis the length 
of travel. 


—‘See Sec. 
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12. Summary of RELIANCE instrumentation 


The instruments which give the greatest and most comprchensive infor- 
mation for measuring explosions from large charges are the piezoelectric 
gauges: and associated equipment, from which complete records of pressure and 
time may be obtained. However, this type of instrumentation is. very diffi- 
cult to maintain and operate as outlined in Sec. 7(e). 


In contrast with the piezoelectric gauges, as regards difficulty of 
operation, are the mechanical gauges, particularly the ball-crusher gauge. 
One man can handle as many as 2)-ballecrusher gauges on the vessel, and 
the measurement of the deformation of the copper balls can be done in the 
laboratory by other technicians, The Modugno and UERI-diaphragm gauges are 
somewhat more difficult to handle, expecially the latter, However, the 
UERL-diaphragm gauge has greater precision than the Modugno or ball-crusher 
gauge, so that not as many of them are required on each shot. These three 
mechanical gauges give very little information about the form of the shock 
wavee Only the ball-crusher gauge is capable of having its reading trans- 
formed casily itno peak pressure, and even this requires information re- 
garding the form and decay constant of the shock wave. 


The Hartmann momentum gauge, which integratcs the pressure—time curve, 
is more difficult to handle than the above mechanical gauges, and the com— 
posite Hilliar gauge, which gives a rough form of the pressure=time curve, 
is the most difficult of the mechanical gauges to operate, The amount of 
information obtained by the use of cach gauge is apparently in proportion 
to the difficulty of its operation. 


738 
V. DETAILS OF GEAR 


13. Gauge mounts 


The manner in which the mechanical gauges and the piczoelectric gauges 
were mounted was found to have an important bearing upon the results, both 
with respect to the absolute level and the reproducibility, The very early 
work was done with the gauges hanging on free suspension from various cables, 
This manner of mourfting was abandoned soon, however, because of the large 
scatter in results from shots fired under identical conditions, From then 
on the work was done with the gauges rigidly mounted in blocks. 


(a) large composite gauge blocks, -- The first gauge block successfully 
used and the one used most generally was the large composite gauge block 
holding two UERI-diaphragm gaugés, two NOL crusher gauges and two Modugno 
gauges (Fig. 3B,2)). It will be noted that the ball-crusher gauges were 
mounted with their faces flush with the face of the block, The lModugno 
gauges were screwed into the block so that the face of the gauge plate was 
roughly 1 in. in front of the face of the block. The diaphragm gauges were 
mounted in the lower half of the block so that their face plates were flush 
with the block. The overall dimensions of the block were 1): x 1) x ) in., 
and fastened to the bottom of the block was a piece of )-in, channel iron 
) £t long which attached to the spacer cable in such manner that the face 
of the gauge block was always perpendicular to the line of propagation of 
the shock wave. The block was suspended by a chain bridle from the back 
plate of the block so that it was fairly well balanced when hanging freely. 
The first blocks made weighed over 250 1b with all the gauges in place. 
Later on these were lightened so that they weighed from 195 to 200 1b with 
all gauges in place. No difference could be found in either absolute level 
or reproducibility of results as a result of this lightening of the blocks, 
Since the effective diameter of a baffle is the distance from the center of 
a gauge to the nearest edge, the UERI-diaphragm gauges were not baffled any 
more in these blocks than they were when suspended individually. However, 
the centers of the Modugno gauges were 3-1/2 in, from the edge of the block 
which gave them a greater baffle than they would ordinarily have hac. The 
exact effect of this baffle on the Modugno gauges was complicated by the 
fact that the gauge plates were 1 in. in front of the face of the block 
proper, so that the baffling was not effective until 30 to 35,.sec after 
the shock wave had struck the lModugno gauge plate, The distance from the 
center of the ball—crusher gauges to the nearest cdge of the block was 2 in. 
so that the effective baffle of these gauges had a 2-in,. radius. 


(i) Effect of baffling on ball~crusher gauges in the composite blocks. 
To study the effect of the baffling of the ball-crusher gauges in these com- 
posite blocks, a pair of ball-crusher gauges were mounted on l—in. brass 
rods in the Modugno-gauge hole in the block. The faces of the crusher gauges 
were 8—1/) in. in front of the face of the block itself, This prevented the 
wave reflected from the face of the block from striking the gauges until 
about 270y: see after the shock wave had struck the gauges. As the ball- 
crusher gauge action for large charges is completed in from 150 to 200, sec, 
these gauges were effectively unbaffled, After correcting for the difference 
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and charge-to-gauge distances betwcen the unbaffled and baffled ball-crusher 
gauges in these gauge blocks, it was found that the ratio of the deformation 
of the spheres in the unbaffled gauges to the deformation in the baffled 
gauges was 0.835. No significant difference in the scatter between the two 
members of the pair of baffled or unbaffled gauges was observed, 


(b) Light diaphragm-gauge blocks. -- A gauge block was designed to 
hold two diaphragm gauges, keeping the size and mass of the entire assembly 
as small as possible. These gauges were mounted by their back plates and a 
piece of steel pipe about ) ft long was used to keep them oriented toward 
the charge. Effectively there were two diaphragm gauges side by side, facing 
the charge. The weight of the entire mount including the gauges was 70 1b 
compared with 200 lb for the composite gauge block. No difference in ab- 
solute deformation or in reproducibility of deformation was observed between 
the two types of blocks. 


(c) Small crusher=gauge mounts. —— Due to the simplicity of operation 
of the ball-crusher gauges and the knorm theory of their operation, it was 
desirable to use as many of this type of gauge on each shot as possible. 

To this end, a number of different types of small ball-crusher gauge mounts 
were designed and tested. Effects of the different types of mounting upon 
absolute level and reproducibility were notcd. 


(i) Vertical drop-line mounts, Two vertical gauges were mounted 
(distance between centers 1-7/8 in.) pointing downward on one of the 3-1/) 
in. x l-in. faces of a piece of steel 13-1/2 x 3-1/4 x 1 in. (weight 1) Ib) 
which was fastened to the drop linc supporting one of the composite gauge 
blocks, The gauges were | ft above the level of the spacer line, A similar 
mount was constructed with gauges mounted in the same position except that 
the length of the block was such that tho total weight was 1/2 lb. No 
Significant differences were found in absolute level or reproducibility of 
ball—crusher gauge reading due to the different weight of mounting. Com 
parison of the side-on orientation of unbaffled gauges in these vertical 
mounts with the face-on baffled gauges mounted in thc composite gauge blocks 
(after correcting for differences in gauge-to-charge distances) gave a ratio 
of from 0.80 to 0.82 for the unbaffled deformation to the baffled deforma— 
tion. No correction was made for the difference in gauge orientation. This 
result was consistent with that reported for baffling in Sec, 13 (et), 


(ii) Crusher-gauge mount on the momentum-gauge frame, A pair of ball- 


crusher gauges was mounted face-on towerd the charge and a second pair 
mounted side-on toward the charge (face downward) in the momentum gauge 
frame. These gauges were all effectively unbaffled but there was the possi- 
bility of reflection from the momentum gauges on the frame to the ball- 
crusher gaugese For one serics of tcsts the ratio of the side-on gauge 
deformation to the face-on gauge deformation was 1,05, while for another 
series of tests this ratio was 1.07. 


(iii) Small block face-on versus side-on mounts. Further tests of 
side-on versus face-on gauge orientations and of the weight of backing of 
ball-crusher gauges were made by constructing small blocks which clamped 
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directly to the spacer cable. Two gauges were mounted face-on parallel with 
the spacer cable with the center of each gauge 1-1/8 in. from the cable. The 
side-on gauges were mounted near the end of this block so that their axes 
were perpendicular to the spacer cable. The weight of the small block and 
the gauges was 5 lb (Fig. 26). A blook with the gauges mounted in identical 
positions but of greater length was also constructed so that the total weight 
was 22 lb (Fig. 25). The ratio of the damage as measured by the side-on 
gauges to that measured by the face-on gauges was 0.95, The difference in 
the mass of the backing had no effect on absolute damage or scatter. Since 
in previous tests on the momentum-gauge mount, the side-on gauges had show 
greater deformation than the face~on gauges, it was thought that there might 
be an effect due to the close proximity of the spacer cable to the face-on 
gauges. 


Another type of mount was built with the centers of the face-on gauges 
9 in. from the spacer cable and those of the side-on gauges about 12 in. 
from the cable. These mounts were built in models of two different weights; 
one weighed Fear 1b (including zauges ) and the second 23 lb. Using these 
mounts the ratio of the side-on gauge readings to the face-on gauge readings 
was about 1.0). No difference in absolute magnitude or scatter resulted 
from the difference between the masses of the two gauge mounts. 


(iv) Quadrilateral ball-crusher side-on mount. As a result of the 
above tests, an extremely compact mount, holding four gauges side-on toward 
the charge (perpendicular to the spacer line) and easily moved from one posi- 
tion to another along the spacer line, was constructed. This mount (Fig. 3A) 
consisted of a square of 1=1/2 in. stcel plate 2-1/2 x 2~1/2 ine, with the 
four bali-crusher gauges screwed into the four rectangular sides of this 
plate. _The steel plate was divided diagonally to allow it to slip over the 
spacer cable, and this diagonal cut was notched to receive the cable. By 
loosening the screws holding the two halves of the plate together this mount 
could be slid along the cable to any desired position. The faces of the 
ball-crusher gauges in this mount were 3 in. from the spacer cable, This 
type of block was used for mounting crusher gauges after shot RE-155 and 
proved very satisfactory. 


(a) Momentum— and Hilliar-gauge mounts, -- The first Hilliar—gauge 
mounts were made by placing a cross bar at right angles to the spacer line 
and fastening the gauges at the end of this cross bar. This would not with- 
stand the explosion and had to be repaired or renewed aftor each shot. Con- 
sequently a triangular suspension frame was constructed, which mounted five 
Hilliar- or momentum gauges and four ball-crusher gauges. later on this frame 
was replaced by the cross trussed rectangular frame as shown in Fig, 30. 
This frame would mount four momentum or Hilliar gauges at the four corners 
plus one at the intersection of the cross truss, and proved to be exception- 
ally sturdy in use. Bridlcs were used to keep all of these frames hori- 
zontal so that the gauges were always face downwards. 


(e) Piezoelectric-gauge mounts. — (i) H-frames. Piezoelectric 
gauges were normally mounted on an H-frame, the cross bar of which was 
attached at mid—point to the spacer cable. Two piczoelectric gauges were 
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attached to the two sides of the H, (Fige 3E). The distance between the 
two gauges was originally 2); ine then later 18, and finally 12 in. The 
12—in,. spacing was found to be satisfactory, easier to use, and more resis= 
tant to damage. 


(ii) Other methods of mounting. Piezoelectric gauges were sometimes 
attached directly to the spacer cable, This was usually not satisfactory 
because of reflections or signals picked up trom this cable. However, for 
certain types of measurement it was necessary to know the exact location of 
the gauges with the respect to the cable and to each other, and under these 
circumstances the H-frames could nat be used since they were free to rotate 
about the cable as it twisted and untwisted with the strain of the gear. 


In connection with mounting piezoelectric gauges there are certain 
points whicn should be mode. It was noted that when gauges were placed at 
four different locations with all piezoelectric gauge cables leading direct— 
ly back along the spacer cable, the large mass of these cables caused 
spurious signals to be produced in the gauges at the greatest distance from 
the charge. These spurious signals were eliminated yhen the four cables 
from the first two gauge positions were led up to the surface before reach— 
ing the third and fourth gauge positions. It was also found necessary to 
metallically ground by means of a long wire the copper tubes of the gauges 
at the four different gauge positions when the distances between positions 
were large. Before this metallic grounding was used, various disturbances 
were noted on the records of the far gauges at the time the shock wave 
struck the- near gauges. 


lhe Gauge and charge spacing 

One of the. most important details of any explosive measurement is to 
set up and maintain the desired oricntation between the charve and the 
various measuring instruments. [For RELIANCE work this has been done en= 
tirely with flexible cables. 


(a) Vertical components. — Various instruments and other gear were 
maintained vertically by means of drop lincs and masses sufficient to hold 
them reasonably straight. The drop lines (usually 5/l6-in. wire rope) were 
suspended from surface floats, The size of the surface floats depended upon 
the weight which had to he supportcd (Fig. 27). These surface floats were 
kept as small as possible consistent with the requircd buoyancy, so that the 
minimum drag on the floats was produccd as the gear was towed through the 
water. Surface floats have consistcd of 30= and 50-gal oil drums, of cmpty 
Mark ) or Mark 6 mine cases, or of mooring buoys of various sizes. The 
mooring buoy most commonly used was the 21-in, spherical buoy, Spherical 
floats of ll-gauge steel (manufactured by the Chicago Float Works) have also 
proved extremely durable. However, the largest size in which these could 
be obtained had a lin. diameter and was not sufficient for supporting 
heavy gear. For supporting the charge, oak barrels wore ordinarily uscd, 
These were less expensive than stcel drums ond their breakage did not matter 
since in this position dircctly pver the charge even stcel drums could usual- 
ly be used but once, The Mark ) or Mark 6 spherical mine cascs were very 
resistant to shock wave damage, but it was extremely difficult to attach 
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the drop line securely since the fastenings on these mine cases failed easily. 
These cases were modified so that the strain from the drop line was assumed 
by the top of the mine case rather than by a weld at the bottom (Fig. 28A). 
Another advantage of this modification was that it allowed the insertion of 
a shock absorber to take up the shock occurring when the shock wave struck 
the mine case. In attaching the drop lines to the stcel oil drums it was 
found best to make two bands of iron which completely circled the drum at 
two points, running a bridle between these two bands and attaching the line 
to this bridle. Much difficulty was experienced with having the drop line 
snap under the impact of the shdck wave. Steel cable 5/16 in. in diameter 
has a breaking strength of roughly 6,000 1b and the heaviest weight put up— 
on these cables was not more than 200 lb. However, the upward component on 
the float due to the pressure and the shock wave gave sufficient accelera- 
tion to break these cablese This was overcome by the use of some sort of 
shock absorber which would take up this instantaneous acceleration. Two 
modifications which have been used successfully are shown in Fig. 28. 


In addition to the stcel drop lines, manila safety lines were employed 
so that in case a drop line parted the gear was not lost. The manila lines 
were also used for lowering gear (snubbing around a cleat on the deck) and 
for retrieving gear since they could be brought in over a winch head. It 
was customary to attach these to independent fastenings both on the float 
and on the gear which was being suspended so that in case of failure of 
either fastening the gear was not lost. 


The backward drag of the surface float caused variations in the depth 
of the gauges from the actual measured length of the various drop lines. 
This was not serious for the type of measurement being made on the RELIANCE 
Since an arbitrary limit of variations in depth up to 3 ft was allowed. 
However, if depth must be maintained cxactly, modifications to the type of 
rig here described must be made, 


(b) Horizontal componentse — Horizontal distances were maintained by 
keeping the horizontal spacer cable under strain at all times. This strain 
was the result of the 18=in, sea anchor at the stern end of the gauge spacer 
cable reacting against the 1 to 1.5-knot velocity of the gear as it was 
towed through the water. Near the sea anchor was a weight suspcnded from a 
surface float at the depth which it was desired to maintain. From this 
weight a manila line ran to the sternmost gauge block and 5/16~in,. steel 
cable was used for spacer lines from this block forwerd to other blocks. 
From the foremost gauge block the steel spacer cable ran forward to a 200-lb 
lead weight suspended at the proper depth and from here the tow line ran 
back to the RELIANCE at the surface. The mass of the lead weight was suf- 
ficient to overcome the upward component of the tow line. The drag on the 
tow line at the vessel was estimated to be 00 to 500 lb. The general lay- 
out of the gear for a fore and aft shot was modified from time to time, and 
the four main modifications are showm in Fig, 29 and 3. 


No lowering of gauge deformations due to the "shadow" of one composite 
gauge block on a second further from the charge was found at the time Modi- 
fication C was adopted. However, to minimize the possibility of any such 
shadowing, the rear block was hung on the opposite side of the spacer cable 
from the front block with a distance of at least 10 ft between the two. 
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For the two-dimensional paravane rig, the vertical suspension was as 
described for the one-dimensional rig. The horizontal spacer lines were 
also the same, with the exception that to maintain the distance at right 
angles to the direction of the spacer line, paravanes were used at the ex- 
treme ends. These produced an outward drag which pulled the gauge blocks 
away from the charge. Distances determined in this direction were not cer- 
tain because of the bow introduced into the cables by their resistance to 
the water as they moved through it. 


15. Electrical cables and their suspension 

The electrical cables were led back from the pilot gauge and from the 
two piezoelectric gauges nearest to the charge by attaching them to the 
spacer line at intervals with friction tape. At a point 20 ft forward (to- 
ward the RELIANCE) from the second piezoelectric gauge (Fig. 3) the cables 
were led to the surface along a drop line from a surface buoy, and then back 
to the connection barrel supporting the lead weight. Electrical cables from 
the two piezoelectric gauges farthest from the charge were led forward (away 
from the charge) to a point 30 ft from the farthest gauge and then were led 
to the surface along the drop line supporting the lead weight. At the sur- 
face float (comection barrel) the cables were connected to patch cords and 
were lead back to the vessel along the surface attached to a manila line 
which took the strain of the gear. Fourtcen-in. spherical steel floats at 
intervals of about 60 ft buoyed the rope line and the electrical cables, 
At the RELIANCE the electrical cables were attached to a large reel (Fig. 30) 
where connecting patch cords leading to the electronics cabin were plugged 
ine 
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16, "One-dimensional" fore and aft rig 


As has been mentioned previously most of the work was done with a one 
dimensional fore and aft rig, which allowed gauges to be placed on two sides 
of the charge on two straight lines 180° apart, This rig was very simple to 
set and recover even in the event of a misfire. 


(a) Setting the gear, — For setting the gear all the various com- 
ponents were laid out from stern to bow on the port side of the RELIANCE in 
the order in which they would go overboard (Fig. 31). The heavier components 
such as the composite gauge blocks were lifted over the side and snubbed 
just above the water line by means of the manila recovery line. The charge 
was armed and prepared for launching. Then it was lifted by the hoisting 
boom by means of a pendant led through the supporting ring for the charge 
with the two ends of the charge hooked on to the hoisting boom tackle. 

When these preparations were complete, the large float nearest the sea anchor 
was throvm over-board and allowed to drift back away from the vessel, During 
the entire operation of sctting the gear the vessel was kept underway and 
also stcered slightly to port to keep the gear away from the propeller, 

After the sea anchor ball had been payed out the sea anchor itself was put 
over=board and opened. The small weight near the sea anchor was then put 
over, and that part of the gear was payed out by the line which lead up to 
the sternmost gauge block. When small ball-crusher gauge blocks were 

located at great distances from the charge, the line was made of 5/16=in. 
wire rope. However, when such gauge blocks were hot used, the line was 
usually of manila, When the line became taut on the sternmost gauge block, 
the block was slowly lowered by means of the manila safety line snubbed 
around a cleat on the deck of the RELIANCE, Due to the proximity of this 
gauge block to the next composite gauge block forward, the spacer cable 
between the two soon became taut and the lowering of the second composite 
gauge block was begun, snubbing with the rope recovering line over a cleat 

as in the first case. As these two gauge blocks were being lowered the strain 
came on the sternmost of the momentum gauge rigs. These momentum-gavge 

rigs were then lifted over the sides and lowered, snubbed again by means 

of the manila recovery linc. 


Before the strain reachod it the charge was lifted by means of the 
hoisting boom tackle and swung over. the side. The weight of the charge was 
then taken up by a manila snubber line, and the pendant by which the charge 
had been lifted was removed. Another rope snubber line, one end of which 
was made fast to the vessel, was passed through an iron ring just forward 
of the forward momentum-gauge rig, and was used to take the strain of the 
after part of the gear until the charge was fairly well dovwm in the watere 


As the gauge blocks and charges neared their final depth, their sup= 
porting floats were thrown overboard, and the snubber lines quickly throvm 
off the cleats. While the charge was being lowered the other components 
were lowered simultaneously, keeping all lincs tight. The spacer linc 
forward of the charge (carrying the piezoelectric gauges, and for the early 
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shots two composite gauge blocks) was carefully lowered and then snubbed by 
the safety line from one of the composite gauge blocks or the recovery line 
running to the connection buoy. lLowering was continued and the various com- 
ponents cast off as they reached their final depth. The connection buoy 
(which also supported the lead weight) was then made ready to go overboard, 
and the lead weight lowered by means of the main towing cable which ran from 
the drum on the winch. As this gear dropped astern of the boat the piezo-— 
electric gauge lines which ran along the surface were payedout. Since the 
large reel holding these lines was on the starboard side of the boat amid- 
ships, these cables previously had been led around the stern of the boat and 
up the port side outside of <ll rigging to the bow (Fig. 5 and 31). They 
were then payed out until there was no slack to the drum; the cables were 
reeled off the drum as the gear dropped astern, A manila line to take the 
strain from the electrical cables was made fast to the connection barrels 
and was payed out with the electrical cables, At intervals of approximately 
60- ft a spherical surface buoy was attached connecting the electrical cables 
and the rope line together by means of a snap hook passing through grommets 
on these two lines, This gear was payed out as quickly as possible, syn- 
chronizing the rate for the electrical cables with the rate for the towing 
cable from the main drum (Fig. 32). When the charge was about 600 ft from 
the vessel it was in position for firing, With smaller size charges (less 
than 50 1b) it was net necessary to pay out the entire amount of cable be- 
fore firing the charge. 


After securing the main towing cable and the rope line taking the strain 
from the electrical cables, the patch cords were plugged in to the Miller 
connectors on the large reel. All patch cords were color coded for plugging 
into the big reel to minimize the possibility of error in connecting the 
proper gauge to the proper oscillograph recording channel. After the cali- 
bration of the electrical and recording eauipment was made the charge was 
fired from the electronics cabin. Coordination was necessary at all times 
betreen the electronics cabin and the master of the vessel to be sure that 
the water was of sufficient depth, and aiso that no traffic was near the 
point at which the charge was being fired. An intercommunication system was 
used for this purpose. 


(b) Retxieving the gear. -- (i) After firing the charge. When the 


charge was fifed the gear was cut into two halves, split at the position 
formerly occupied by the charge, The stern part of the gear drifted off 
with the tide, while the forward part of the gear was still attached by means 
of the tow line and the electrical surface line to the vessel, The main 
towing cable was reeled in on the winch drum in coordination with the elec— 
trical cables being brought in by pulling the manila strain line on a gypsy 
head. As the electrical cables were separated from the manila strain line 
they were reeled onto the large reel, where the patch cords had been pre- 
viously disconnected, This large reel was driven by an electric motor and 
a Graham adjustable speed transmission, (Power drive for this reel was 
necessary because of the great weight of the cables. Before power drive 
was installed it required two men to turn this reel by hand and one man to 
lead the cables onto the reel. After power drive was installed one man 
could control the reel and lead the cables onto it without additional help.) 
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When the gear was recovered to the lead weight and the connecting barrel 
supporting it, these were brought aboard and the connecting barrel was led 
forward to its usual position on the deck of the vessel, The electrical 
cables were fastened around the stern of the vessel and up the port side 
high up in the rigging to kcep them out of the way of further operations. 
The rope recovery line strung from the connection barrel to the point 20 ft 
forward from the second piezoelectric-gauge pair was then brought in by 
means of the gypsy head. Simultaneously the stcel spacer cable (to whicn 
the two piezoelectric-gauge pairs farthest from the charge were attached) 
was pulled in by hand and placed in its proper position on the deck. In 
turn the second connection barrel was brought aboard and placed in its posi- 
tion on the deck, and then the remainder of the spacer cable with the two 
piczoelectric-gauge pairs nearest to the charge was brought aboard. Except 
for any damage caused by the explosion, the geat was in a position ready to 
go overboard for the succecding shot, 


With the forward half of the gear retrievcd the vessel picked up the 
after half of the gear. During weather of good visibilitv the after half 
was easily found, particularly since the occan currents were well known by 
the master of the vessel, If the visibility was bad, or if it was after 
dark, special precautions had to be taken. In some cases a man put overboard 
in a dory immediately after the firing of the charge attached the dory to 
one of the surface floats of the stern half of the gear. When the vessel 
was ready to pick up the stern half of the gear, he signalled his position 
by means of a fog horn, or a light if visibility permitted. Another scheme 
was to attach a small flag (or light, if after dark) to a mast on the sea 
anchor ball before it was put overboard. This usually permitted easy loca- 
tion if visibility was good. 


In retrieving the stern part of the gear the sea anchor ball was first 
picked up and the anchor spilled by a special line. The sea anchor was 
brought aboard and then the line running forward from the sca anchor weight 
to the sternmost gauge block was pulled in. The sternmost gauge block was 
lifted aboard and then the second gauge block and momentum gauges with their 
respective surface buoys. All of this gear was placed in its proper posi- 
tion on the deck ready for the next shot. 


The ball-crusher, Modugno, and momentum or Hilliar gauges were removed 
from the rig and taken to the mechanical gauge cabin for servicing in pre- 
paration for the succeeding shot. The diapmragm gauges were serviced in the 
composite blocks on the deck, Any repairs to this part of the gear or re= 
placements of surface floats damaged during the explosion were made at this 
time. 


(ii) After a misfire. When the charge had not fired succcssfylly the 
recovery of the gear was much more difficult. In these cascs, a period of 
about one hour was allowed to clapse before recovery was attempted, to be 
surd that the misfire was not a hangfire which could have exploded after 
some time had elapsed. The gear was then brought ahoard in roughly the re- 
verse order in which it went out. Since the distances between gauge blocks 
and between gauge blocks and the charge were less than the depth at which 
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the gear was set, it was necessary to pick up the various components almost 
simultaneously in order to keep strain off the charge, and also to keep the 
total weight on any one line small enough to be handled. This was analagous 
to the procedure in setting out the gear and was one of the main difficulties 
of this operation. When the various gauges and other components had been 
lifted sufficiently for the charge to be placed on deck, the charge was dis- 
armed and an investigation was made as to the cause of the misfire. 


17. "Two-dimensional" (paravane) rig 

(a) Setting the gear. -— The two-dimensional paravane rig was uscd in 
order to obtain more information about the distribution of the shock wave 
around a chargc without the necessity of firing additional charges. The 
various parts of this paravane rig are shown in Fig. h. These were arranged 
on the stern of the RELIANCE, roughly in the order in which they were to go 
out. The charge was hung directly over the stern and the sternmost gauge 
block was hung on the starboard quartér of the vesscl. Just forward of this 
was the starboard gauge block while the port gauge block was hung on the 
port quarter, and just forward of this was the forward gauge block. The 
two paravanes were kept on the starboard and port sides, respectively, just 
aft of the main rigging. As the gear was set, the sea anchor, its weight, 
and supporting ball were payed out until the strain came on the sternmost 
gauge block. This was then lowered, together with the momentum—gauge rig, 
until the strain came on the charge, when its lowering also was begun. The 
stern gauge block and its buoy were cast off as soon as the block reached 
the desired depth. As the strain from the two side spacer cables came on 
the starboard and port gauge blocks, these wore lowered simultaneously with 
the charge until the cables running to the paravane became tight. At this 
point the two paravanes were payed out very slowly and in good balance. It 
was important to bear in mind that the greatest strain on the paravanes had 
to come from their towing lines, If the strain came from the line running 
to the gauge block, the paravane wouid shoot in toward the center of the rig, 
rather than pulling out from the charge. When the paravanes were properly 
set and pulling, the various components were lowered further, including the 
forward gauge block which by this time had begun to take part of the strain 
of the charge. As soon as possible the charge was cast off, and the two 
Side gauge blocks were later cast off simultancously. The forward gauge 
block was payed out and cast off, The paravanes were allowed to drop back 
as the main towing cable waspayed out(Fig. 33), at such a rate that the two 
Side gauge blocks were always somewhat forward of a line through the charge. 
This condition was maintaincd until the charge was at the proper distance 
from the boat for firing, and then the two side gauge blocks were allowed 
to drop back until they were exactly opposite the charge. It was extremely 
important for all these maneuvers to be carefully coordinated during the 
setting of this gear. Duc to the short distances betwcen the various com- 
ponents compared with the depth at which the gear was set, they all had to 
be lowered almost simultancously and exact horizontal symmetry had to be 
maintained. One paravane pulling harder’ than the other would cause the gear 
to become askew. If cither paravane tended to shoot in, the gear became 
hopelessly tangled around the charge, and when working with non-standard 
booster systems or loadings, there would be danger of accidental detonation. 
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(b) Retrieving of gear, —- (i) After firing the charge, After the 
charge had been fired the paravane rig was separated into four sections at 
the point formerly occupied by the charge. The stern section drifted off 
with the tide, the starboard and port sections swung far ovt due to the 
action of the paravanes, while the forward quarter remained directly astern 
of the vessel, The starboard paravane and gauge block were first taken 
aboard since two piezoelectric gauges were attached, The port paravane and 
gauge block were taken aboard, and then the main towline, the forward gauge 
block, and associated piezoelectric gauges. The same principles held dur- 
ing this procedure as were described in Sec. 16(bi). The stern portion of 
the gear was then retrieved as previously described, 


(ii) After a misfire. Due to the complexity of the rig, retrieving a 
charge after a misfire was very difficult. However, this was usually accom 
plished by allowing the starboard paravane and gauge block to drop back be= 
side the stern part of the gear and by pulling the port paravane and gauge 
block ahead beside the forward part of the gear. This brought all com- 
ponents into one line and they were then brought aboard in a fashion similar 
to that described for the one dimensional rig, At times when the gear be- 
came badly tangled, due to mishandling of the paravanes, it was necessary 
to retrieve without attempting to fire. Under these circumstances it was 
not always possible to retrieve this gear in an orderly fashion, and it was 
brought up in the safest manner feasible, 
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Use of the UERL Diaphragm Gauge 
by C. R. Niffenegger 


The UERL diaphragm consists of: 


A, The main body of the gauge: The face of the body is a ground sur- 
face which has 8 tapped (1/2 in., N.C. 13-thread) holes equally spaced 
around it. Through the back plate of the gauge are four tapped holes which 
are used to hold the gauge to its support. The number of the gauge is 
stamped on one edge of the face. 


B. The face plate: In the center of the face plate is a circular hole 
(3.432 in, in diameter) with a beveled edge. One side of the face plate is 
a ground surface with 8 holes drilled through ta correspond with the tapped 
holes through the front face of the body. The face plate, also, is numbered 


on one edge. 


C. The diaphragm: There are two thicknesses of diaphragm in use: 14 
gauge (about 0.085 in. thiclmess) and 20 gauge (about 0.038 in. thickness). 
Eight holes are drilled through the plates to correspond with the holes in 
the face plate and the face of the main body of the gauge. The diaphragms 
are numbered according to lot number, sheet number, and individual plate 
number within the sheet. 


D. Twelve bolts (1/2 in. N.C. 13-thread: 1 in. long). Assembling the 
gauge: First of all the inside of the main body, the ground surfaces, and 
the diaphragm must be thoroughly cleaned. The ground surfaces and diaphragm 
should then be checked for burrs. If any are found, be sure to remove them 
as they will allow leakage of water into the gauge. 


A thin layer of Kasson water-proof grease is spread completely over both 
Sides of the diaphragm. This waterproofs the gauge and, also, prevents rust- 
ing of the expesed part of the diaphragm. The diaphragm is then placed be- 
tween the front face ofthe body and the ground surface of the face plate, 

80 the numbers stamped on all three are on the same side of the gauge and so 
the numbered side of the diaphragm is towards to face plate. The bolts are 
then placed in position and all 8 bolts screwed in evenly until the diaphragm 
and face plates are just held in place. (If any of the bolts cannot be 
Screwed in with the fingers, the hole should be tapped out or the bolt re- 
Placed.) They are then tightened with a torque wrench to 35 1b in, The 
gauge is then securely fastened to the support and is ready for use. 


Measuring the diaphragms: Before the gauge is assembled, the thickness 


of each plate must be measured with a micrometer at the three unnumbered 
Sides to get the average thickness. These thiclmesses aré re¢orded. 
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After the shot a dial depth gauge is used to measure the depressions 
in the diaphragms. Because the edges of the thin diaphragms assume a twist 
after deformation, a means must be used to hold these edges flat, 


Since the plates are not of uniform thickness, a correction factor is 
applied to the depressions. Diaphragms of lh-gauge thickness are corrected 
to 0,.085-in,. thiekness and 20-gauge diaphragms to 0,038—in. thiclmess. 
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Use of the NOL Crusher Gauge 


[Adapted from Navy Department, 
Budrd (Re2c) Technical Note No. 15.] 


Arrangement of the gauge: The gauge when ready for operation, consists of 
the following pieces: 


1. The base, consisting of (a) the anvil against which the copper ball 
is pressed, (bh) a stud by means of which the gauge is screwed into the mount-— 
ing block, and (c) a steel or brass body in which these two pieces are 
mounted. In some versions of the gauge these pieces are combined into one 
unite 


2e The copper ball, which should measure 0.375 in. in diameter. 
3. A rubber centering washer for the copper ball. 


. The piston, a mushroom shaped piece of steel, which is used to de-= 
form the copper ball, 


5. A small spring, somewhat like a section of a corkscrew, which is 
designed to fit around the smaller portion of the piston and, by pressing 
against the piece described next (6), to hold the piston lightly against the 
copper ball. 


6. A brass head for the gauge, into which the piston, spring, ball, 
and washer may be inserted as described below, which is screwed into the base, 
completing the assembly of the gauge. 


7. A spacing ring, for use with gauges in which a 0.375—in. copper 
ball is used. 


Preparing gauges for use: 

1. Copper spheres of 3/8—in, or 5/32-in, diameter should be obtained 
from a lot which has been sampled and tested for wniformity of hardness. 
Spheres should be within =0,0003 in. of the mean diameter of the spheres in 
the particular lot, and their out-of-roundness should not exceed 40,0003 in. 


2. Determine the number of gauges to be used in the test. Procure 
that number of each of the (7) pieces described above. Be sure that all 
parts of the same gauge bear the same serial number. : 


Check the gauge with a sphere in place to be sure the piston (and 
spacer ring, if 3/8-in. balls are used) is of the proper dimension so that 
the face of the piston is flush with the face of the gauge. 


The piston must be free moving, without side play, in the body of the 
gaugee 


easier 
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The rubber washers should fit snugly into the cavity provided for them. 
After a washer has been used for some time it tends to swell. This leads 
to improper functioning of the gauge and is not desirable. Only washers in 
good condition should be used, 


The small springs tend to lose their elasticity after a time and become 
ineffective. It is important that resilient springs be used. 


3. Arrange the items in rows as follows: 


Farthest from the gauge operator, line up the bases. The studs should 
stick up in the air. Slip the spacer rings over the base; friction will 
hold them in place. In the next row, place the heads, The internal por- 
tions of the heads should be exposed, Make sure that the numbers on the 
various pieces correspond, 


The third row should consist of the pistons, These may best be arranged 
with the larger surfaces dovm., Again make sure that the piston numbers cor-— 
respond to the other picces,. 


The fourth row should consist of the springs. 


The fifth row should consist of the rubber washers, This row is nearest 
the gauge operator. 


Finally, in each washer place one of the measured copper balls, making 
sure that the washer fits around a diametric planc. 


Now, place the springs from the fourth row on the pistons in the third 
row. Invert these two pieces as a unit, and insert them in the head picces 
in the second row. 


At this stage, one has left only three rows of materials. 


Next, insert the rubber washer and the copper ball as a unit into the 
head piece. Make sure that the washer fits snugly into the cavity, and 
that the piston slides freely in the head, 


The last step consists of screwing this complete head assembly onto the 
base assembly; that is, combining the elements in the farthest two rows, 


When the final assembly of the head has been made, and it is being 
screwed onto the basc, the ball and washer unit should not be permitted to 
become loose. 


h. The completely assembled gauge should be checked by pressing on the 
piston. If the spring and washer are in proper condition, no play should be 
observed, If any play is observed the gauge as assembled is unsatisfactory 
and may give a deformation that corresponds to a higher pressure than actual— 
ly existed in the shock wave. It should be reassembled using a spring or 
washer in good condition. 


Cleaning the gauge: All parts of the gauge should be carefully cleaned after 
each usee The parts made of stecl shovld be immersed in oil to prevent cor- 
rosion. Remove all oil before assembling the gauge for re=usce 
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Use of the Hartmann Momentum Gauge 


[Adapted from Navy Department, 
Burd (RE2c) Technical Note No. 15.] 


Arrangement of the gauge: The gauge, when ready for operation, consists of 
the following picces: 


1. The body of the gauge, into which all the other pieces fit. 


2e The cap of the gauge, which screws into the body of the gauge, and 
also into the mounting cape 


3. The piston, into which all the remaining pieces are placed. 
he The copper pellet, which should be 0,500 in. long. 


5 The rubber washer, which centers the pellet in the cavity provided 
for it on the piston, 


6. Two small cylindrical stop pins, and a spring, which fit into a 
cylindrical hole extending horizontally through the piston, 


In additon to the item present in the gauge, certain additional devices 
are required to assist in the assembly of the gauge. These are mentioned 
belove : 


Preparing the gauge for usc: 

1. Copper pellets should be selected from lots of uniform hardness and 
diameter, and the length of cach individual pellet should be recorded to 
0.0001 in, 


2e Determine the number of gauges to be used in the test. Procure that 
number of each of the six pieces or sets of picces described above, Be sure 
all parts of the same gauge bear the same serial: number. 

Check to be sure the piston travels freely in the gauge. 

Be sure spring catches do not stick in the body of the gauge. 

3. Arrange the items in rows as follows: 

In the row farthest from the operator place the bodies of the gauges 
with the small opening upward. The purpose of arranging the bodies upside 
down is to provide a stand for the pistons, Place the appropriate piston 


in the corresponding hole, so that the large part of the piston rests on 
tne bottom of the gauge body,» 


Sree 
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In the next row, immediately in front of the row of bodies and pistons, 
place the corresponding top caps cf the gauges. 


Now distribute one copper pellet, one rubber centering washer, two pins 
and a spring to each gauge, making three rows of materials. 


Each pellet should have inscribed upon it the number of the gauge in 
which the pellet is to be put. Slip the rubber centering washer over the 
pellet and insert both in the cavity so that the pellet is correctly posi- 
tioned. 


Next, insert the pins into the piston, and slip the retaining cylinder 
over the piston. Remove the piston from the body of the gauge, invert the 
gauge body, and slide the piston into the gauge body. Do not drop the pis-— 
ton. hiake sure that the piston is properly seated, and the pellet is in 
place. 


Screw on the cap, and the gauge is assembled. (A thin layer of grease 
may be applied to the surfaces which rub, if desired.) - 


h. It is necessary to waterproof the gauges when they have been 
assembled. To accomplish this the following procedure should be carried 
OU. 


(a) Sealing the top part of the gauge. Clean off any grease that 
may be present on the outside of the gauge. Wrap one layer of scotch tape 
around the gauge so the join between the body and the cap is covered. Paint 
over with waterproofing (Tygon primer and 2 coats of Tygon black). 


(>) Sealing the bottom part of the gauge. Place one strip of scotch 
tape over the opening at the bottom. Paint with waterproofing. 


(c) After the gauge is waterproofed every precaution should be taken 
to avoid puncture of the watertight seal, When it is necessary to unscrew 
the gauge from its mounting before it is used (which is the case when dif- 
ficulty is encountered in screwing the gauge into the mounting and the gauge 
must be removed to permit cleaning, lubricating, and/or chasing of the 
threads) the body may rotate with respect to the cap and thus destroy the 
seal, Gauges must not be set on their faces; since this may puncture the 
waterproofing over the piston. 


Cleaning the gauge: All parts of the gauge should be carefully cleaned 
after each use. A slight coat of oil should be used to prevent corosion 
of the steel parts. Keep oil off the rubber washer. Remove all oil before 
assembling the gauge for re-use. 


Precautions: When the momentum gauge fails to function, it is nearly al- 
ways due to water leaking into the gauge. If leaks occur, any information 
obtained is unreliable. The instruction found herein is designed not only 
to assist in the proper asscombling of the gauge, but also to assure that 
the gauge after assombly will be and remain watertight until subjected to 
a shock wave.» 
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Use of 'the Improved Hilliar Gauge 


[Adapted from Navy Department, 
Buord (Re2c) Technical Note No. 15.] 


Arrangement of the gauge: The gauge, when ready for operation, consists of 
the following pieces: 


1. The body of the gauge, which is used as a housing for most of the 
other pieccs. 


2. A cap for the gauge. 

3. Six anvils, numbered 1 through 6, 

lh. Seven pistons, numbered O through 6, and corresponding springs. 
5 One small retaining plate with three holes. 

6. One sheet of cellophane. 

7e One rubber gasket. 

8. One ridge ee slots to fit pins on the body of the gauge. 
9. One threaded clamp ring designed to hold the ridge ring. 


10, Six copper cylinders, 0.500 in. long, and one copper ball 0.375 in. 
in diameter, : 


11. One rubber centering washer for copper ball. 


Preparing the gauge for use: 

1. Copper pellets and spheres should be selected from lots of uniform 
hardness and diameter, The length of each individual pellet should be re- 
corded to 0.0001 in. The diameter of cach sphere should be recorded to 
0.0001 in., and the out-of-roundness should not exceed + 0,0003 in. 


2. Determine the number of gauges to be used in the test. Secure 
sufficient parts, as described above, to constitute that number of gauges. 
Be sure all parts of the same gauge bear the same serial number, 


Check that all pistons travel freely in the gauge. 
Since the cellophane disk serves as the waterproof seal for the bottom 
of the gauge its preparation is important. This disk should be cut with 


the cutter (biscuit type) designod especially for this purpose. Scissors 
should never be used to trim cellophane to size as this is likely to produce 
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out-of-roundness sufficient to cause leaks. Before any cellophane disk is 
used on a gauge all ravelings and any grit on the surface should be removed. 
If any creases or pin holes are present the cellophane should be discarded. 


Line up the seven pistons in numerical order and cement on the appro— 
priate pellets, each. of which must be inscribed with the number of the pis- 
ton to which it is to be cemented, This step is done first in order to give 
the cement time to harden before using the gauge. 


NOTE: EXTREME CARE MUST BE TAKEN TO INSURE THAT THE PELLETS ARE CENTERED ON 
THE PISTONS, iF THEY ARE EVEN SLIGHTLY OFF CENTER, THE RESULTS OF 
THE TEST ARE RENDERED DOUBTFUL, SINCE THE PELLETS ARE THEN SQUEEZED 
BY THE SPRINGS. 


Place the corresponding anvils and springs beside the pistons. 


The next step consists of waterproofing the face, or exposed end, of 
the gauge. This is accomplished in the following manner. 


Place one circle of cellophane over the face of the gauge, centering 
it properly. Lay the rubbor gasket and the stecl ridge ring around the 
edges, screw on the clamp ring hand tight, and then tighten it slightly 
(1/8 of a turn) with a wrench. ‘The cellophane snould be unwrinkled. Make 
3 holes in the cellophane over the screw holes for the central plate, and 
place one drop of waterproofing on cach. Put the retaining plate on, place 
another drop on each small hole in the plate and secure the plate with the 
screws provided. The face of the gauge should now be watertight. 


The subsequent stage consists of the insertion of the pistons. Slip 
the small spring over the zero piston and insert it the entire distancc, 
using a small wooden dowel, 1/), in. in diameter and about 10 in. long. lay 
the gauge on its side and slide the remaining six pistons into their proper 
holes. Use the wooden dowel, not a sharp metal instrument which may mar the 
pellets. 


When all the pistons are installed, insert the springs. Make sure that 
no spring touches a pellet. Also insert one copper ball and its centering 
washer in the zero channel, Slide —— do not drop — it in. 


Now place the six anvils in their corresponding holes, and screw on 
the cap, It will be necessary to hold dowm anvils h, 5 and 6 with a plate, 
such as the blade of a putty Imife. 


The final stage consists of waterproofing the top, following the same 
procedure as that outlined for the momentum gauge. 


When the retainer plate, the pistons, and sometimes the gauge body 
develop sharp edges which bear against the cellonhane disk, puncture of the 
cellophane is likely to occur, On new gauge parts sharp cdges are prevalent. 
To prevent leaks from any such punctures these parts should be polished 
smooth with crocus cloth. The same precautions for maintaining watertight— 
ness which apply to the momentum gauge also apply to the Hilliar gauge. 
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Cleaning the gauge: All parts of the gauge should be carefully cleaned after 
each use. The metal parts should be oiled to prevent corrosion. Before re- 
usc, the gauge should again be cleaned to remove all the oil. 


Precautions: When the Hilliar gauge fails to function, it is nearly always 
due to water leaking into the gauge. If leaks occur any information obtained 
is unreliable. The instruction found herein is designed not only to assist 
in the proper assembling of the gauge but also to assure that the gauge after 
assembly will be and remain watertight until subjected to a shock wave. 


Thin layers of cement often cling to the bottom of the pellets, This 
layer and other dirt should be removed before the disks are measured. 
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APPENDIX V 


Electric Power for Schooner RELIANCE 
by J. P. Slifko 


Both a=c and d=c sources of powor in 115 v and 120 v respectively were 
used aboard the schooner RELIANCE. The d-e source consisted of 20 6-v auto- 
mobile storage batteries of about 120 amp hr rating. This source was used 
on a 0.75 KVA inverter which supplied quite steady a~c current at 115 v for 
DuMont oscilloscopes. The d-c source was also used on the ship's lights 
when an a=-c source was not available. 


The model 50 AAl Delco generator aboard the schooner supplied 5 KVA at 
115 v, single phase, 60 c/sec. When the RELIANCE was tied at the dock, 
either 60 c/sec, 115-v, single-phase power from the Cape and Vineyard Electric 
Company, or the above mentioned Delco power, was used as an a=c source. 


Since the voltage regulation for the Delco plant was poor, no loads were 
switched during calibration and shooting. Furthermore, gasoline for the 
Delco=plant engine was filtered twice to insure a steady flow of gasoline 
free from impurities and water into the carburctor. 


To further insure steady a-c voltage for the RELIANCE electronic gear, 
a Sorensen model 1750 automatic voltage regulator was used. The manufacturer 
claimed a 0.2 percent automatic voltage regulation for a pre-set voltage 
independent of variations in input voltage, power factor, load or frequency, 
providing input voltage is between 95 and 130 v at 50 to 60 c/sec and load 
was between 800 and 2000 v ampe They also claimed stability and a complete 
recovery of voltage within from 1 to 6 cycles depending upon the magnitude 
of the voltage change. 
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APPENDIX VII 


Dynamic Calibration of Copper Crusher Spheres 
and Cylinders with Freely Falling Weights 


by P. Newmark and C. kh, Niffonegger 


Several sizes of steel weights were released by an electromagnet from 
various heights and allowed to fall freely on copper spheres or cylinders 
which in turn rested on a hardened stecl anvil. Plots of the energies re- 
quired to produce: given deformations Against the deformations are showm in 
Pigs. VII-2, VII-3, VII-). The curves fit quite closely the following em- 
pirical equations in terms of E = energy (ft-lb) and D = deformation (1073 in.), 


For 3/8-in. spheres, 


BE - (330D + 0.27D2)* x 107° 


for values of D = 0 x 1073 in. through 150 x 1073 in. 


For 5/32<in, spheres, 


E = (190D + 0,87D2)* x 1078 


for values of D = 30x 10"3 in, through 110 x 1073 in, For copper cylinders 
(0.33-in. diameter, 1/2 ine long), 


E = (700D + 0..6D2)t+6 x roma 
for values of D = 0 x 1073 4n, through 110 x 1073 in, 


The calibrations were made on the machine shovm in Fig. VIi-l, or on 
one similar to it. No significant differences could be noticed between the 
calibrations from different machines, provided the concrete base is suffi- 
ciently large. 


Weights varying from 1/h lb to 10 lb, dropped from heights up to ft 
wore used in the present calibrations, Strain rates varied from 18.1 sec= 
to 195.0 sce"+ for the cylinders and from 62.3 sec7l to 257.5 sec-l for the 
spheres. 


In almost all cases the taro fuces of the deformed specimens were not 
parallel, the extent to which the faces were not parallel varied. Micron- 
eter measurements of deformations were taken across the centers of the two 
faces, and were reproducible to a high degree. 


Rebounds of the weights were studied by motion pictures at a speed of 


6), frames/see and were found to be significant. As the energy availabe 
from the dropping weight just before impact (input energy) was increased, 
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there was a decrease in the percentage of that energy manifested in the re- 
bound. About 3-1/2 percent of the input energy was manifested as rebound 
energy at the 1 ft-lb level, whereas at 3) ft-lb the rebound cnergy was but 

1 percent. Cylinders gave about 10 percent greater rebound energy than 
spheres. Nevertheless, a correction for rcbound was omitted from the energy 
versus deformation curves because the calibrating machine operates in a 
manner comparable to the gauges in which the copper crushers are used (momen- 
tum, Hilliar and ball-crusher gauges) and comparable rcbounds probably occur 
in the gauges. 


As in the carlier calibration studies, no definite specd effect was 
noted over the range of strain rates uscd. 


The barreling effect (barreled rather than cylindrical shape of deformed 
cylinders which rough surfaces of anvil and piston will produce by constrain- 
ing the motion of the cylinder faces) noted by Winslow and Bessey (High- 
Spced Compression Testing of Copper Crusher Cylinders and Spheres, II, Final 
Report, NDRC Report A-32), (OSRD-5039), pe 18) was notcd in the present tcsts. 
It was most pronounced with large deformations of 0.1 in. or more. An ex-— 
amination of cylinders deformed by momentum and Hilliar gauges showed the 
same phenomenon, This indicates the need for maintaining smoothly finished 
surfaces on the anvils and pistons of all crusher=—type gauges. 
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APPENDIX Ix 


Beam Brightening and Firing Synchronizer 


41 


This unit synchronizes the firing of the charge with the beam brighten— 
ing for three separate groups of Dumont Oscilloscopes. It is uscd in con- 
junction with the rotating-drum camera drive on the schooner RELIANCE and 
enables location of the recorded shock pulse and calibrations at certain 
points on the camcra film relative to the overlapping ends. 


A master switch with the same positions as that in the master control 
panel* selects the operation desired. Thore is also one group delay switch ~ 
for each of the three groups to determine the delay aftcr firing of the re- 
spective group beam brightening pulses in terms of 180° rotations of the 
drive shaft. 


The synchronizer consists of two sections, —- the sequence brightening 
eircuit (Fig. IX-1) controlling the beam brightoning for the three separate 
groups, arid the firing circvit (Fig. I-2) controlling the firing of the 
charge. 


The sequence brightening chassis contains a shaft driven by the rotate 
ing-drum drive, on which four cams rotate. Two of these cams (0° and 180° 
cams in Fig. IX=1) are constructed-to ground a contact to the drive shaft 
over 10° of a revolution and are oriented 180° apart; a third (firing cam 
in Fig. IX-2) closes a contact over 10°; and the fourth insures a good con= 
tinuous ground contact to the drive shaft. For use up to the present the 
0° and firing cams have been aligned. 


The brightening circuit contains a train of Type 2050 thyratrons, in 
which cach, with the cxception of the first, requires the previous one to 
be ignited before it can be tripped. This is obtained by making the positive 
rise on ignition across the cathode resistor of the preceding 2050 decrease 
the bias of the second grid of the 2050 in question, so that subsequent 
grounding of its first grid will trip it. The first 2050 is tripped in Q 
cal or V cal position by grounding its first grid through the shot switch 
(knife switch on panel) or in fire position by a positive pulse from the 
firing circuit. This sets the second 2050 so that it fires the next time 
its first grid is grounded by the 0° cam, The first grids of 2050's in the 
train after the initial 2050 are connected alternately to the 0° and 180° 
cams, so that the 2050's trip in sequence 180° apart as their grids are 
grounded. In this way, step pulscs 180° apart over a range of 0° to 720° 
rotation from the origin may be obtained across the 2 K resistors in the 
2050 cathodes. 


The group delay switches, one for cach group of oscilloscopes controlled, 
select two step pulses of desired delay and scparation. These are applicd 
to opposite grids cf a cathode inverter stage, producing on one plate a 
beam brightcning pulse of the seiected delay and duration cqual to the sepa- 
ration of the original pulse. 


*Seo Scetion 7(ci). 
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The switches are arranged to give delays up to 360° although addition 
of more Type 2050 thyratrons in the train could extend this. The brighten- 
ing duration for any delay sotting is 360° for the FIRE position of the 
master switch, while the Q CAL position gives brightening for the first 
180° after the selected delay, and the V CAL position gives brightcning for 
the second 180°. In this way, the Q CAL step will be convenicntly located 
on the first half of the record film and the V CAL stcp on the second half, 


The pulse to trip the stepper* for Q- and Vestcp calibrations is taken 
from the brightening output of the first group, 


Manual brightening is produced by applying a step pulse through a micro- 
switch on a cable to one of the inverter grids, The duration of the bright- 
ening is controlled by the time the switch is held closed. 


The Type 2050 thyratrons must be rcsct after cach operation by opening 
the Bt lead through the RESET microswitch which is connected by cable for 
convenicnee. Ignition of the RESET neon bulb indicates that the 2050!s are 
resct. 


The firing circuit utilizes a Sylvania type SNh Strobotron which, when 
tricgered, discharges 1604 f at 250 v through the firing line and charce. 
A transformer in scrics with the firing line produces a pulse at the time 
of firing for initiating the sequence brightening action. 


The SN is triggered by a 2050 thyratron whose firing is controlled by 
the shot switch and firing cam. Normally the two grids are biascd below 
firing potential; closing the shot switch comccts the second grid to the 
cathode, so.that the next time the firing cam shorts the first grict to the 
cathode, the tube will fire, The plate lead of the 2050 is run through the 
naster switch so that the tube can fire only in FIRE position. 


The firing circuit is completely insulated from the other equipment; 
experience has shown that serious pickup and ground loops can arise if this 
is not observed. 


- sw  ———— —S—— ee 


ra : ie 
Sce Section 7(c,iii).. 
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Le) 0.5 1.0 1.5 2.0 2.5 3.0 3.5 


Time t (msec) 


Fig. 1. The pressure-time curve from an underwater explosion. 


Gauge 20 ft from charge. Timing frequency 5 kc/sec. 
(Shot RE-111, film R-305.) 


This is a photographic projection of an actual piezoelectric-gauge record. 
Note the base line at the left before the sbock wave reaches the gauge, the 


‘instantaneous pressure rise to the "peak pressure", and the gradual decay of 


pressure with increasing time. The row of dots is the record of the time 
calibration and also serves to align the curve with respect to the axes. 
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FIG. 4. THE"TWO-DIMENSIONAL’ PARAVANE RIG. 
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VOLTAGE 
STANDARD 


STEPPER | 


MULT! 
VIBRATOR 


SWITCHING 


SECTIONS 
MODIFIED DU MONT 208 
OSGILLOGRAPH AND CAMERA 
(ONE FOR EACH CHANNEL ) 


TERMINATING COMPENSATION 
AND Q-STEP NETWORKS 


TOURMALINE 
GAUGE 


6OFT-ISOFT SHORT 
SECTION (RG-41/U) 


6OOFT MAIN CABLE 
(RG-41/U) 2 


TO Y-AXIS 
AMPLIFIER 


== 5FT MICROPHONE 4FT COMPENSATING 
CABLE PATCH CORD 


TO 
CHARGE 


BEAM BRIGHTENER 
ONE FOR EACH GROUP 
OF GAUGES) 


MILLER CONNECTORS: 


TRIP PULSE 
INPUT 


TRIP 190 FT SHORT SECTION 600 FT MAIN CABLE 
GAUGE (RG-41/U) (RG-41/U) 


SECOND 
DELAY 


MASTER CONTROL PANEL 
FOR EIGHT CHANNELS 


FIRING LINE TO CHARGE 


TO OTHER BEAM BRIGHTENERS 
AND SWEEPS 


FIG. 6. BLOCK DIAGRAM OF COMPLETE PIEZOELECTRIC- GAUGE CHANNEL USING AN ELECTRONIC 
SWEEP AND STILL- FILM CAMERA. 


TERMINATING COMPENSATION 
AND Q-STEP NETWORKS 


SWITCHING 
SECTIONS 


50 FT PATCH 
GAUGE MILLER ee ee 
O Oo = | 


MODIFIED DUMONT 208 
OSCILLOSCOPE AND 


20 FT COPPER 
TUBE 


60 FT-ISOFT SHORT 
SECTION (RG-41/U) 


2 
600 FT MAIN // 
CABLE (RG-41/U) ls 
Il/ 
5 PHONE FT COMPE! bs 
FT MICROPHO 4 10 NSATING 
CABLE PATCH CORD Gnlyeed 


al Li CRATER TO Z-AXIS 
TUBE 
To 7 VA SYNCHRONIZED 
CAMS ACTIVATING 
CHARGE Es CIRCUIT 


FIER 
er (ONE FOR EACH GROUP 
OF GAUGES) 


FIRING LINE TO CHARGE 


MASTER CONTROL PANEL 
FOR EIGHT CHANNELS 


FIG.7, BLOCK DIAGRAM OF A COMPLETE PIEZOELECTRIC- GAUGE CHANNEL USING THE SYNCHRO ~ 
NIZED CAM-SEQUENCE ACTIVATOR AND ROTATING- ORUM CAMERA. 
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ae “th 


me 


COPPER 
A 's TUBE: 


EXPANDED TYPICAL 
CONNECTION 


TOURMALINE DISKS STEEL PLATE 


CURED LATEX INSULATION 


HANOVIA SILVER SHIELD 


DUPONT SILVER ELECTRODe am 


CURED LATEX INSULATION 


NS 


HANOVIA SILVER SHIELD 


‘WIRING POSITIVE WIRING NEGATIVE 


EXPANDED SECTION (A-A) 


(ELECTRODE FACESSWEATED TOGETHER) 


FIG. 8. DETAILS OF A PIEZOELECTRIC GAUGE (TYPE B). 
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pes 


To input of 
—%scillos cope 


Gauge 600 eee ee 


Ap 
Compensating network 


Ry, = 20 megohms resistor 
R2 = 100 ohms resistor 
L 8 Inductance of 35 turns of 


#26 wire on 4" ooil 
C 80.03 wf capacitance 


Fige 9. Single-ended oable compensating network. 


—>» To input of 


berst eee 


L-------------! 600' Army-Navy ‘------------- J 


Tourmaline ; 
Gade T RG-41/0 cable 
Compensating Compensating 
patch cord network in 


master control 


Ry = 97 ohms resistor 
Rg = 56 ohms resistor 
Cy ® Co = 16,300 jit 


x ® Point at which voltage step is 
applied When using the Q-step 
calibration [see Seotion 7 (s)(¥)) ° 


Fige10. Double-ended cable compensating network. 
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Pi ‘ . 


A. Sequence beam brightener, synchronising J. Battery operated L-C oscillator 
control cams, and tachometer K. Modified Dumont 208 eathode-ray oso1llograph 


B. Capacity bridge Le Flexible drive shaft to roteating-drum camera 
C. Master control M. Rotating-drum camera 

D. Crater (timing) tube power N. Flexible drive shaft to control eams and 

EB. Multivibrator frequency (timing) source tachometer 

Fe Voltage stepper O. Main drive shaft and gear housing 

G. Sweep generator P. Air duct for forced ventilation of 

H. Sweep generator osoillographs 

I. Time delay R. Camera tube 


8. Crater-tubs connection 


Fig. 12. Cathode-ray osoillographs and associated equipment for rotating-drum camera recording. 
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A. 


Be 
Cc. 
De 
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Sequence beam brightener, synchronizing 


contre] cams, and tachometer 
Capacitance bridge 
Master control 
Crater (timing) tube power 


0. 


Flexible drive shaft to rotating-drum 
camera 


Flexible drive shaft to control cams 
and tachometer 
Main drive shaft and gear housing 


Fig. 15. Master control panels, sequence brighteuer and firing control, crater-tube 


power, and capacitance bridge. 
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Voltage-calibration input 

Pilot-gauge input 

Stepper-trip input 

Input for time calibration from multivibrator 
Sweep-trip output 
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F. 
G. 
He 
I. 
Je 


Patch cord to beam-brightener vower supply 


Outlet strips - 115 v regulated a.c. 


Exhaust blower 
Master control inputs from 600 ft sections 


Master contro] outputs to scopes 


Fig. 15. Back view of master control panel showing patch-cord. connections. 
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€) 
Gauge OU To oscilloscope 
Cable- 


(Equivalent 
capacity c*) 


(a) CONNECTION FOR RECORDING SIGNALS. 


Gaage fe oscilloscope 


| 


Cablee 
(Equivalent 
capacity 0*) 


(b) CONNECTION FOR CALIBRATING CABLE AND INDICATING INSTRUMENTS. 


FIG. 16. Q-STEP CALIBRATION NETWORK. 
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Projector G. Spacing control for horisontal 
Projector lens grid 
Adjustable horizontal grid H. X-axis displacement control 


Fixed vertical grid 


Je Y-axis displacement control 


Platen for photographic paper K. Extra fixed vertical grids with 
Slot and set screw for adjusting other spacings 
anrle between horizontal and 


vertical grid lines 


Fig. 18. The "Harp". 
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Fig. 25. Twenty-two ld side-on vs. face-on 


bell crusher gauge mount. 


Ae Composite gauge blocks 

B. Face-on ball crusher gauge 

C. Side-on ball crusher gauge 

D. Wire rope spacer line 

E. Manilla snubber and safety recovery line 
to surface floats 

F. Wire rope drop line to surface floats 


Fig. 26. Momentum gauge mowat end 5 ld 
side-on vs. face-on bell crusher gauge nowt. 


G. Menilla drop line to surface floats 

H. Small 22 lb face-on vs. side-on gauge 
mount (Section 15 (6) (iii)) 

I. Hartmann momentum geuge 

J. Sea anchor buoy 

K. Composite gauge block buoy 

L. 14 in. buoy for electric cables 
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A, Mark 4 mine case after several shots 

B. 50 gal oil drum, slightly damaged 

C. 50 gal oil drum, severely damaged 
after the explosion of 700 lbs TNT 
40 ft below surface and at a 
horizontal distance of 30 ft 


Fig. 27. Surface floats showing typical damage. 
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RESEARCH VESSEL ANTON DOHRN TO ASTERIAS CARRYING ad 
800° FROM CHARGE PIEZOELECTRIC RECORDING EQUIPT 


ELECTRIC ps 
GABLES’ 


FIG. 29c. MODIFICATION C 


LEGEND 


B COMPOSITE GAUGE BLOCK [SEE FIG. 3B, AND SEC 13(a)] 
C BALL-ORUSHER GAUGE, SUSPENDED FREE, FACE DOWN 
CH CHARGE 

D DIAPHRAGM GAUGES 

H, HILLIAR GAUGE SUSPENDED FREE, FACE DOWN 

Hp 2 IMPROVED HILLIAR GAUGES 

M, MODUGNO GAUGE, SUSPENDED FREE,FACE DOWN 

M, HARTMANN MOMENTUM GAUGES 

P PIEZOELECTRIC GAUGES 

P3 PILOT GAUGE FOR TRIPPING 

PS PRESSURE SWITCH (FOR TRIPPING) 

W 200-LB WEIGHTS “i 


FIG. 29. "ONE-DIMENSIONAL" FORE- AND-AFT RIG. 


A. 
Be 


Ce 


De 
Ee 


Cables leading to connecting buoy 

50 ft patoh cords leading to electronics 
cabin 

Miller connectors for 8 piezoelectric 
gauge channels 

Miller connector for pilot gauge channel 
Jack and shorting switch for firing line 
(Note provision for looking sefety cover 
over jack and switch.) 
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Fig. 30. Large power driven reel for piezoelectric gauge 
cables (600 ft sections). 
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A. Piezecelectric gauge cables 
(600 ft section) leading to 
big reel 

B. Composite gauge block 

C. Momentum gauge frames 

D. Charge 

E. Surface float 

F. Quadrilateral ball crusher 
gauge block 


Pig. 31. Gear ("one dimemsional" - modification C) 
laid out on deck ready for setting, looking toward stern. 
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A. Sea anchor buoy G, Forward gauge block and electric cable 


B. Buoy for stern composite gauge block connection buoy 
C. Buoy for stern composite gauge block H. Manilla line supporting piezoelectric 
D. Momentum gauge buoy gauge cables 
E. Charge buoy J. Piezoelectric cables (600 ft section) 
F. Forward gauge block buoy K. Small reel for piezoelectric cables 

* Fig. 32. "One dimensional” gear (modification C) astern of Reliance. 


A. Sea anchor buoy 

B. Stern gauge block and connection buoy 
C. Forward gauge block and connection buoy 
D. Lead weight buoy 

E. Side gauge block buoys 

F. Port paravane buoy 

G. Piezoelectric gauge cables 

H. Steel towing cables for paravanes 

J. Starboard paravane and connection buoy 


Fig. 33. "Two dimensional” (paravane) gear astern of Reliance. 
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ae es $" thick cold rolled . ~-, 
| steel top plate -~-: 
Hates 1” diam. cold rolled 
steel shafting 


4" thick brass carriage 


Electromagnet 


4 1b cold rolled steel wt, 


Nipple for centering weight 


Cold rolled steel weights 


Level for electromagnet 
carriage 


a Copper crushers 
Hardened steel anvil with copper sphere in place 


irass anvil holder : 
60 1b - 12" x 18" x 14" hot rolled steel base plate 
Rubber and sheet lead anvil guards 


6/8" diem. steel reinforcing rod 
225 lb - 15" x 15" x 12" conerete base ss 


Wooden base support 


Fig. VII-l. Copper crusher calibration machine. 
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20 40 60 80 100 120 140 160 
Deformation (10 in.) 


Fig. VII-=2. Dynamic calibration of 0,3745-in, diameter 
copper spheres with freely falling weigits. 
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20 
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37 


10 


B & & 


| ie 
2 27 

ve 25 
0 20 40 60 80 100 120 140 


Defomation (10° in.) 
Fige VII-3. Dynamic calibration of 0.5000-in. length, 0,5255-in. 
diameter copper cylinders with freely falling weights. 
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Energy (ft-lb) 


Deformation (in,) 


Fig, Vll-4, Dynamic calibration of 0,1562-in, diameter 
copper spheres (lot of 2/6/46) with freely falling weights, 
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APPENDIX YIIT. STATIC CALIBRATION CURVE, MODUGNO GAUGE DISKS. 


Material - copper 

Nominal thickness 0,064 in. 
o = 0.0650 in. thickness 

@ = 0,0684 in. thickness 

x = 0,0695 in. thickness 


Cas ee ; 


055: 350". YES) Vaso (265 3.0 3.5 4.0 4.5 5,0 5.5 6,0 65 
Pressure (10° 1b/in”) 


Fig. VIII-l. Statice calibration eurve for Modugo gauge disks 
(let 7D-1). Norfolk Navy Yard. 
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ALL 5 POS. SWITCHES GANGED 
(MASTER SWITCH) 


ALL RESISTANCES IN OHMS 
1k #109 OHMS 
1M =10° OHMS 


4 
GROUP DELAY SWITCH 


: sect 


a 
S CONNECTION | 
Eee TO 2050 
———o 360° CarHooes | 
© 180 | 
\ 
I i a eS 


ONE UNIT FOR EACH OF THREE GROUPS 


ic FIG. IX-|. BEAM BRIGHTENING AND FIRING SYNCHRONIZER; SEQUENCE BRIGHTENING CIRCUIT. 


FIRING CIRCUIT 


Nov ac 
tou 


© A.c. Test 
Oo caL 
o——O Fine 


O MANUA 
OovVT ca 
MASTER SWITCH POSITIONS 


ALL RESISTANCES IN OHMS 
1K= 10° OHMS 
1M=108 OHMS 


FIG. IX-2. BEAM BRIGHTENING AND FIRING SYNCHRONIZER; FIRING CIRCUIT AND POWER SUPPLY. 
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PIEZO-ELECTRIC GAUGES - DEVELOPMENT OF THE 
MINIATURE TYPE 


A. H. Bebb, D. R. J. Wallace and D. W. Taylor 


Naval Construction Research Establishment 


May 1947 
” * ¥ * * * * * 


SUMMARY 


The development and experimental tests carried out with miniature 
tourmaline piezo-electric gauges involving different modes of construction 
are described in this report. 


The effeot of different thicknesses of clectrodes, either cemented 
or sintered at high temperature to the crystal faces, of electrodes made 
from various materials, of many forms of insulation suoh as tcelcothenc, 
rubbor tape, paraffin wax-vaseline, rubberoid wax, oured natural latex and 
combinations of these insulators are described in some detail. Plates are 
included to illustrate the results obtained from the many constructional 
changes carricd out. 


To evolve a rcliable gauge, the shots fired at it in various stages 
of progress consisted mainly of standard 14 1b. T.N.T. blocks in standard 
canisters. Bare 14 1b. T.N.T. charges as well as sphcrical P.E. charges 
have also beon utilised. 


It is believed that the design of the gauge is now completely 
satisfactory for recording pressure-time pulses resulting from underwater 
explosions, and work to this end in open water is now proceeding. The 
effects of the presence of targets, water-backcd and air-backed, in the 
neighbourhood of the explosive oharges, will also be studied in the near 
future. It is intended to use the miniature gauge close to explosive 
charges. 


INTRODUOTION. 


Descriptions have previously been given of the three types of piezo- 
elcotric gauges developed at this Zstablishment for the mcasurenent of 
underwater explosion pressurcs, and also of a special wide-range amplifier 
for use with the gaugcs. At that time, no shots had been fired against 
the tvo small types of gauges, and whilst it had been proved that both were 
mechanically robust, it remained uncertain whether firing under controlled 
conditions would reveal certain improvements in design. Under static 
conditions of calibration, all three gauges had exhibited similar pressure- 
time rccords. In order to avoid a re-design of calibration pressure 
apparatus for the small gauges, the original was modified by fitting a solid 
brass cylinder up to the level of the non-return valve connecting the 
reinforced rubber hose from the pump to the pressure cylinder, and a new 
lid was constructed which enabled the gauge to be inserted into the steel 
cylinder without resort to the laborious method of threading the gauge and 
its long length of attached special Signal-free cable through a gland. 


The large type of gauge has been proved reliable in miscellancous 
trials and whilst it must be accepted that due to its large size it oan 
only enable the average pressure from an underwater explosion to be recorded, 
nevertheless for such tests as comparative efficiency of explosives, it 
Meets a definite requirement. 


TRS serieale 
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This report therefore deals primarily with the development and 
re-design of the miniature gauge, and it is now believed that finality has 
been reached, although it is just possible that further trials may revoal 
minor improvemonts. It is hoped to measure peak pressures, momenta and 
onergies rosulting from an underwater explosion with high accuracy and 
very near to the cxploding charge. 


EXPERIMENTAL WORK: PREFACE 


(i) Mothod of suspending charge and gauge. 


The altoration in dosign of the small gauge has been brought about 
as a rosult of oxperimental work oarried out during the last few months 
under controlled water conditions. The depth of water is about 36 feot, 
the surface area boing 850 feet long and 120 feet wide, A boom, shown in 
Plate 1, was constructed to enable the charge and gauge to be suspended in 
the water about mid-way. 


(441) Distanoes and dopths and sizes of charges. 


The distance between charge and gauge was varied from approximately 
8 to 14. foot, but mainly kept constant at about 10 feet, and the depth of 
gauge and chargo was varied from 5 to 15 feet, but generally kept constant 
at about 10 fect. This report does not deal with aotual magnitude of the 
pressuros reoordod but only with the form of the pressure-time signatures 
in order that roliable data far explosive charges may be ascertained in the 
futuro. ‘The charges were generally if lb. blocks of T.N.T., but a 
considerable number of 14. oz. P.E. spherical charges were used latterly: 
the former charge was used without its oase on many occasions, 


(iii) Orientation of gauge. 


After some initial experiments, means were provided to enable the 
small gauge to be either face-on or edge-on to the charge, the two faces 
and opposite edges being separately directed at the pressure wave. The 
length of cable attached to the gauge would naturally hang vertically, 
but later on provision was also made for the two faces of the orystal to be 
both parallel to the water surface end at right angles to it, the cable 
attached to the gauge being then parallel and leading away from the 
direction of the pressure wave. The above cight orientations were possible 
by fixing the oable and gauge to a Tebar about 25 feet long which was 
fixed to a rotating attachment on the boom. 


(iv) Connection of gauge to amplifier. 


The gauge was connected to the amplifier via a 150 $o, 200 feet 
length of non-signeal cable doveloped at this Establishment(1) having a 
shunt capaoity not less than 5 times that of the gauge and cable. A 
resistance equal to the surge impedance of the cable was inserted between 
the oéntral conductor of the cable and the common point of the shunt 
condenser and the grid of the first valve. This method of connection 
shown in Appendix 1, is partioularly useful to avoid end refleotions when 
very long lengths of cable envisaged in field trials are being used. 


EXPERIMENTAL WORK: PART I. 


The numerous tests oarried out and desoribed below ran parallel 
with the development of perfecting the teohnique of construction of the 
Miniature gauge. Aftor a few early tests it was realised that thickness 
of electrodes should be reduced to a minimum, and that the best method 
was to spray conducting films on to the crystal faces. The effeot of 
insulation, in giving distortion to the signature of the pressure-time 
pulse from an underwator explosion, soon manifested itself. The gauge 
construotion finally develonod is described in Appendix 2. 


The first eccve 
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(a) The first miniature tyo-ply gauge. 


This gauge had two tourmaline disos $" in diameter and 4" thick, a 


central stecl electrode 0.013" thick and outer stecl electrodes 1/16" thick, 
-comented with "gelva" to the crystal faces. The insulating layer was 
telcothene enveloping the gauge itself and connected to that surrounding 
the cable braid. Threc layers of good quality rubber tape served as a 
further protcotive outer covering and this was joined to the rubber 
covering of the cable. 


(b) Results of first shots against two-ply gauge. 


The charges used for the first experimental tests were 14 1b. blocks 
of T.N.T. in standard cases. No attempt was made initially to orientate 
the gauge, and although there was similarity between some of the pressure- 
time records, the variations were considerable both in form and amplitude. 
Later, therefore, thc gauge was orientated towards the pressure wave, and 
this resulted in omsistent records being obtained with the gauge cdge-on, 
and face=on respectively, but the types of records in the two directions 
differed considerably from each other, 


Plate 2, Records 1 and 2, respectively show typical face-on and 
edge-on records with a sinusoidal 100 microsecond time base, Reoord 1 
(face-on) has two peaks about 23 microseconds apart but the significance 
of this is not clear, and the spurious frequencies associated with both 
Signatures mar the theoretical condenser discharge type of pressure=time 
signal normally associated with an underwater explosion. The time of rise 
of the facc-on pressure pulse is slightly shorter than for the edge-on 
condition. Had the records been faithful ones, this feature would have 
been more pronounced, as will be showm later. 


(co) A single crystal gauge. 


This was of similar construction to the two-ply described briefly in 
paragraph (a) above, the two electrodes being of steel 1/16" thick. 


(ad) Results with singlo crystal gauge 


Plate 2, Records 3 and 4 show face-on and edge-on records. These, 
except for minute details are very similar to the results discussed in 
paragraph (b) above, I+ was concluded that whatever the explanation for 
the curious form of the pressure-time signatures, in general the single-ply 
and two=ply gauges behaved with remarkable similarity, but for fundamental 
exploration, it was decided to continue firing against a single crystal gauge. 


(c) Single crystal gauge with thin olcgtrodes. 


The construction remained the same as indicated in paragraphs (a) 
and (0), except that tinfoil 0,001" thick was used as eleotrodes. 


(f) Results with the thin electrode single crystal gauge. 


Plate 2, Records 5 and 6 are typical reoords for face-on and edge-on 
positions. There is still a tendency for the facc-on record to show a 
double peak. The signatures are considcrably oleaner, however, but the 
times of rise of the wave front are considerable. Moreover there was a 
difference (records not shown) between the recorded signaturcs for the 
opposite faces and edges. 


It was noted also that the pressurc amplitudes were considerably 


less than for the thick stcel clectrode single orystal under approximately 
Similar firing conditions. 


; This gauge was reconstructed and only one layer of rubber used as 
the outer insulating cover. The records (not shown) were differcnt, but 
not to a vcry marked degree. The inner insulation layer wes still 


telcothenc .«.+.- 
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telcothene. The inference was that not only thickness of insulation, but 
thickness and material of electrodes had an effect on the pressure-time 
Signatures. 


(g) Original two-ply gauge with tinfoil eleotrodes. 


The construction remained as hitherto except that the outer steel 
electrodes 1/16" thick were replaced by tinfoil 0.001" thick. 


(h) Results with the two-ply gauge, having tinfoil outer 
eleotrodes. 


Plate 3, Records 1a and 1b, 2a and 2b, were obtained with the gauge 
face=-on (two opposite faces) and edge-on (two opposite edges) respootively. 
As pointcd out under paragraph (f), tho records for the two opposite faces 
are not identical nor are thoy identical for the two opposite edges. This 
can be acoounted for partly by the fact that the gauge was not truly 
face=-on nor truly edge-on in any one position, but as proved later, this 
is not the complete explanation. 


It can be seen that with the two-ply gauge, the records obtained aro 
cleaner than when thick stccl outor electrodes aro used. Moreover thoro 
is again confirmation that the amplitudes are less with thin tinfoil 
electrodes. The double peak has still a tendoncy to remain when the 
gauge is face-on to the pressure wave; and the wave front is less stcep 
than expected. 


(i) Single orystal with thin spring steel cleotrodes. 


The construction remained as hitherto, except that the two elcctrodes 
wore made from spring stccl 0.0015" thick. 


(Jj) Results with singlo orystal gauge, having stocl foil 


oleotrodos. 


The records obtainod aro showm on Plate 3, Reoords 3 and 4 with 
the gauge face=-on and edge-on rospectively with respect to the pressure 


wave. Rocords (not shown) wore again somewhat different for the opposite 
face and cdge. 


(k) Alterations in amplifier. 


During the above mentioned series of tests considerable temporary 
alterations were made to the amplifier used with a view to ascertaining 
the oause of the curious signatures recorded. These comprised changes 
in cable termination such as the shorting out of the inserted resistance 
equal in value to the surge impedance, the shorting out of the grid- 
inductance which reducod the flat responso of the amplifier at the higher 
frequenoy range from 550,000 o/s to about 200,000 o/s. The conclusion 
reachod was that tho amplifior did not account for the distortions in 
the recorded pressure=timo pulso. 


(1) Firing against tho ocablo. 


A singlo orystal gaugo was comploted in the normal manner except 
that its oleotrodos were disconnooted frem the oable conductors. Two 
charges ‘ore firod against tho cable with the olrouit as normally 
connected to the amplifior and cathode ray tube. No movoment of the 
cathode ray spot was obtained. This provod that the oable was froe from 
pick-up duo to prossuro ohanges in the wator. 


(m) Iwo-ply gauge with three steel foil eleotrodes. 


The construction was standard except that the three electrodes were 
made from spring steel 0.0015" thick. 


(n)) ciicie's 
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(n) Results with two-ply gauge having steel foil eleotrodes, 


Typioal records are showm in Plate 4, Records 1a and 1b, 2a and 2b 
when the gauge was face-on (two opposite faces) and edge-on (two opposite 
edges) respectively to the pressure wave. The face-on records show double 
peaks with the second one larger than the first. The amplitude of the 
false peaks have been restored with the spring steel eleotrodes, with the 
restoration also of the spurious high frequencies. 


(0) Single crystal gauge with thiok stecl clootrodes. 


Thc construction remained standard except that the steel electrodes 
were inoreased to 0.25" thick. 


(p) Results with the single crystal gauge, having thick 
steel electrodes. 


Typical face-on and edge-on records are shown on Plate 4, Records 3 
and 4, Double peaks and increased oscillations appear, particularly in 
the fadc-on record. 


(q) Dwo-ply gauge with thick stecl cleotrodes. 


For the purpose of continuity, it appeared reasonable to re-construct 
the two-ply gauge with thick stoel outer clectrodes 0.25" thick and a 
central electrode 0.0015" thick. Otherwise, the construction remained 
standard. 


(r) Results with the two-ply pauge having thick steel electrodes. 


Records 1 and 2 on Plate 5, face-on and edge-on types respectively, 
show the pronounced frequencies set up by the thick steel electrodes and 
their masking effect on the true pulse. 


(s) Single crystal gauge with annealed copper electrodes. 


Annealed copper foils 0.022" thick were now cemented by gelva onto 
the faces of the crystal, but otherwise the construction remained unaltered. 


(+t) Results with single-ply gauge having copper electrodes. 


The face-on and edge-on signatures are shown on Plate 5, Records 3 
and 4, respectively. The face-on (second face not shown) did not show 


such a pronounced second peak and was quite similar to the pair of edge-on 
records. 


For the first time in this exploratory work with different thicknesses 
and materials of electrodes and insulation, the gauge was now arranged with 
its crystal faces parallel or perpendicular to the water surface and with 
the first few inches of the cable led horizontally away from the wave front. 
The pulses recorded are shown in Plate 5, Records 5 and 6. 


These two records are similar, and similar to the ones obtained 


(not shown) for the opposite faces and edges in the parallel and perpendicular 
directions with respect to the water surface. . 


But it is still to be noted that whilst the records are clcaner than 
those obtained with the stecl electrodes, they do exhibit markedly high 


frequency oscillations; morcover the steop wave front expected with the 
gauge facc-on is not in evidence. 


EXPERIMENTAL ...00 
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EXPERIMENTAL WORK: . PART 2. 


It was realised that whilst the effects of thickness, material and 
method of attachment of electrodes were of fundamental importance, the fact 
that the steep front associated with the pressure wave from an underwater 
explosion had failed to manifest itself, indicated that the method of 
insulating the gauge with telcothene and rubber tape was unsatisfactory. 

It made the gauge into a mechanically robust unit, but at the expense of 
distortion of the pressure pulse. The amplifier had been proved to be 
capable of dealing with a very sharp wave: front). 


When calibrating a piezo-electric gauge in the pressure pot, as . 
previously described the record normally shows a time of rise of the 
order of a millisecond which is the duration associated with the bursting 
of the copper diaphragm but in the pressure pulse from a small underwater 
explosion, this time of rise is of the order of a microsecond. Hence, any 
insulation or clectrode variations are not likely to reveal themselves 
during calibration. 


Tests were therefore commenoed with changes in the mode of insulating 
the gauge. 


(a) Singlo-ply gauge without elecothene insulating layer 


The gauge had annealed copper foil clectrodes 0.022" thick, iee. as 
used in 1(s) and 1(t) above, except that the insulation consisted of three 
coatings or good quality rubber tape only, the inner telcothene layer 
having been removed. 


(b) Results with single-ply gauge, having only rubber insulation. 


The records were still far from being satisfactory, and for comparison 
with Record 6 of Plate 5 with the gauge perpendicular to the water surface, 
Record 1, Plato 6, is shovm. The only point to emphasise is that the 
telcothene layer had an effect on the form of the pressure pulse.- 


(c) Single-ply pause with rubber solution as insulator. 


The gauge had annealed copper foil electrodes 0,022" thiok as for 
(a) and (b) above; the rubber tape was replaced by rubber solution. 
Mechanically it did not prove a satisfactory construction. 


(a) Results with singlo-ply gauge having insulation of 
rubber solution. 


Plate 6, Recaqrds 2 and 3, show the pressure pulse obtained with the 
gauge face-on and edge-on respectively whereas Record 4, Plate 6, shows 
the pulse when the gauge had its faces perpendicular to the water surface. 


It will be apparent, for the first time, that the face-on record shows 
a tendency to a very steep front whereas the edge-on record and the record 
taken With the crystal face perpendicular to the water surface show somewhat 
equal and finite times of rise. Whilst the oscillations at the peak had yet 
to be eliminated, there was considerable improvement in the signatures. 


EXPERIMENTAL WORK: PART 3. 


Whilst evolving methods of sintering a metallic conductor on the 
surface of the tourmaline crystal and providing it with a thin rubberoid 
insulation, described later in Appendix 2, experimental tests proceeded 
with the insulation used in the large type of gauge, namely a mixture of 
25% paraffin wax and 75% vaseline. Tho miniature gauge was insulated by 


dipping it in this hot mixture, and allowing the minimum thickness to 
adhere on cooling. 


(a) igsccne 
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(a) Alteration in gauge thickness. 


The investigation was continued with the single-ply gauge 4" in 
diameter, and 4" thick, and in addition with single-ply gauge of thioxmesses 
$" and 4/16" 


(b) Single=-ply gauge with copper electrodes and wax-paraffin 
insulation layer. 


For all three thicknesses of gauges, the electrodes consisted of 
the annealed copper foil 0,022" thick as used recently, the insulator being 
a thin layer of the paraffin wax-vaseline mixture. 


(c) Results of single-ply gauges, having wax=paraffin insulation. 


For comparison with previous rocords shown in this report, typical 
reoords are given only for the pressure pulse signatures obtained with the 
4" thick gauge. Those are showm on Plate 7, Records 1, 2, 3 and 4. 
Records 1 and 2 were obtained with the gauge face-on and edge-on to the 
pressure wave respcotively whereas in Records 3 and 4, the gauge had its 
faces parallel and perpendicular respectively to the water surface. 


It will be observed that in Record 1, there is an overshoot and that 
the time of rise is certainly of the order of a microsecond. ‘/hereas, 
with the remaining records, although Record 2 is slightly different in 
form from Records 3 and 4, the times of rise of the wave fronts have been 
Measured and found to be about 8 microseconds, which is the time that the 
pressure wave takes to traverse the diameter of the gauge. In Record 1, 
the overshoot is due to the fact that the gauge was rigidly held, the 
tendency being to record a peak pressure double that of the incident Wave. 
When the gauge is held face-on in a scmi-rigid manner to the pressure wave, 
some intermediate but indcterminate value between the peak pressure and 
double the peak pressure value of the explosive wave would be expected. 
Therefore whilst a thin gauge held face-on to the pressure wave would be 
advantageous in giving extremely sharp times of rise provided the amplifier 
and recording film is capable of following and resolving the signatures, 
the better arrangement is to hold the gauge edge-on to the wave and 
preferably perpendicular to the water surface with the cable leading away 
in the direction of the motion of the pressure wavc. Allowance has to be 
made for the effect of the reduction in peak pressure; this is brought 
about by averaging the pressure over the size of gauge. For a 3" gauge, 
it amounts to a 34 reduction in peak pressure. 


On the whole it was found that the same features were exhibited with 
the thinner gauges. 


(a) Gauges with sintered silver elcotrodes. 


The method of sintering silver onto the orystal faces is desoribed 
in Appendix 2 of this report. The silver is estimated to be only 0.0025" 
thick. The insulation is still a layer of paraffin wax-vaseline mixture. 
Three such gauges of thicknesses 4", 4" and 1/16" respeotively were tested. 


(ec) Results with single-ply gauges, having silver eleotrodes and 
Wax-vasoling insulation. 


The conneotion between the electrodes and the cable leads was made 
by soldering annealed copper strips 4" long to the silver film. The 
reoords obtained are not given but in the main they are almost identical 
to those shown in Plate 7. It would appear therefore that sintering 
silver electrodes onto the crystal faces is not greatly superior to cementing 
metal foil clactrodes of copper, although it is known that cementing metal 
peat os steel with gelva is not mechanically satisfactory for long 
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(f) Repeat test - firing against cable. 


This was similar to test 1(1), except that the end of the cable 
(a different sample) immersed in the water was sealed with a paraffin-wax 
vaseline insulator. The resylt on firing however was the same. The 
cable again proved itsolf immune to signals as a result of pressure changes 
in the wator. 


EXPERIMENTAL WORK: PART 4. 


When this stago of the experimental work had been reached, the 
method of construction desoribed in Appendix 2 had been evolved. Briefly 
this consists in sintering silver at a high tenporaturo onto the orystal 
faces, soldcring small conncoting copper tags to the faces and enveloping 
the whole gauge in a very thin film of speoial rubberoid wax. The space 
between the cable ond and the basc of the gaugo is filled with this wax, 
and the whole gauge aftor dipping in natural latex is oured at a modoratoly 
low temperature. 


Rosults with single=ply }' e x 4" thick. 


Plate 8, Records 1 and 2 are typical face-on and edge-on records 
of the prossuro pulse of the explosion wave. The only point to emphasise 
is the overshoot of the peak pressure in the face-on direction which 
amounts to about 65% of the true peak pressure for this relative large 
thiokness of gauge. 


(b) (i) Results with single-ply 3" gauge x 4" thiok. 


Typical face-on and edge-on records are shown on Plate 8, Reoords 
3 and 4, and attention is again draw to the overshoot on the face-on 
record, which now amounts to about 20% only. 


(ii) Amplificr changes. 


Further face=-on signatures are shown on Plate8, Records 5 and 6. 
In Record 5, a change was made in the amplifier, reducing the flatness of 
its high frcequenoy response from 550 kc/s to about 300 ko/s, whercas in 
Record’ 6, the response was flat up to about 20 kc/s only. 


An overshoot of about 15% is still present in Record 5; not only 


also is the peak rounded very considerably in Record 6, but tho time of 
rise of the wave front is lengthened. 


These records confirm that to avoid a reduction in the recording of 
peak pressures, the amplifier must havo a suitably high frequenoy response; 
and, for faithful determination of peak pressures the gauge must not be 
direoted face-on to the prossure wave. 


(c) Results with single-ply 3" gauge x 1/16" thiok. 


Typical face-on and edge-on records are shown in Plate 9, Records 
{1 and 2 respectively. 


(4) (i) Results with single-ply 3" gauge x x" thick from 
yarious G ATZES+ 


On Plate Reoords 3, 4 and 5 indicate the pressure-time ses 
for a standard 4£’ 1d. T.N. 1.  blook oharge in its areal case, aaatanuare 


15 lb. T.N.T, blook ae charge without its case, and a 14 oz. P.E. 
spherioal bare charge (fired without a primer) respectively. The gauge 
was direoted faco-on to tho charges in all three cascs. It will be 
observed that the tail of the signature is a little smoother for the 
spherical P.E. charge than for the T.NeT, charges, the bare T.N.T. oharge 
being slightly smoother than the standard cased charge. 
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(ii) Result with single-ply 3" x 1/16" gauge for a spherical 


charge. 


On Plate 9, Record 6 is a typical signature obtained from a 14 oz. 
P.E. spherical bare charge. The extremely sharp rise, overshoot and fairly 
smooth decay is to be noted when the gauge is direoted face-on to the 
pressure Wave, 


Although it now appeared that the most practical type, of miniature 
gauge for general purposes was probably to be of dimensions 5" in diameter 
and 1/16" in thickness, and that the construction would be similar to that 
given in Appendix 2, it was felt that in order not to lose sensitivity, 2 
two-ply gauge would be neocssary. A two-ply gauge had not yet been 
constructed with very thin silver electrodes sintered onto the crystal 
faces, and moreover the single=-ply had not been really tested edge-on with 
the orystal faces perpendioular to the water surface and the cable leading 
away from and perpendioular to the pressure front. It was also felt that 
it would be worth exploring a gauge only 1/32" thick as well as a gauge 1" 
in diameter and $" thick. Circumstances might arise where this latter- 
sized gauge with double the thickness might be used. For example an 
approximate thooretical calculation revealed that whereas a 14 1b. charge 
fired at a 3" gauge edge-on caused a peak pressure to be recorded 3% less 
in value than the true peak pressure, the error would not be greater than 
about 1% for a 300 lb. charge fired at a 1" gauge edge-on. The tourmaline 
position being slightly precarious, it was thought worth while testing 
gauges 4" in diameter. 


(a) The 4" diameter single crystal gouge. 


. . Three such single-ply gauges were constructed, according to the 
desoription given in Appendix 2. 


Tho gaugswere of thicknesses $", 1/16" and 1/32", 


(b) Results with the 1" single-ply gauges. 


There are no special features to emphasise for the normal face-on 
and edge-on records except that in the former case the time of rise is 
certainly not greater than 1 microsecond but with a definite tendency to 
overshoot at the peak, and the time of rise of the pressure pulse in the 
lattor case is reduced to about 4 microseconds. 


Plate 10, Records 1 to 6 illustrates the pressure pulses recorded 
with the gauges haying their faces perpendioular to the water surface and 
the cable lcading away from the pressure front. Record 1 was obtained 
with the g" thick gauge, the cxplosive being the standard 14" lb. T.N.T. 
charge in its case. Records 2 and 3 were obtained with the 4/16" thick 
gauge, Record 3 being obtained frem a spherical 14 oz. Pez. bare charge 
Without a primer. Reoords 4, 5 and 6 were obtained with the 1/32" thick 
gauge, Record 6 from a spherical 14. oz. P.E. bare charge, and Record 5 
from a bare 14 1b. T.N.T. charge. ‘The spherical charge gave a smoother 
tail to its pressure-time signature than either the oylindrical bare T.N.T. 
oharge or the charge in its standard canister. The pressure pulse 
obtained from the standard charge in its caso is also a little more 
disturbed in its contour than the pulse obtained from the bare charge. 


(0) Tho 4" diamoter single orystal gauge. 


Tho construotion of this gauge is similar to that given in Appendix 2, 
tho thickness of the gauge being $". i oe 


- (a) Results with the 1" diameter single orystal gauge. 


The records obtained from a 4 lb. standard T.N.T. charge, with the 
geuge faco-on and edgo-on are showm on Plato 11, Records 1 and 2 respectively. 
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The face-on record shows the overshoot, accompanied by the almost 
instantaneous time of rise, whereas the time of rise in the case of the 
edge-on record is of the order of 16 microseconds. 


On all edge-on records oscillations are apparent on the sloping time 
of rise, and when, as in the case of the 1" gauge, this time is relatively 
long the film speed makes them more pronounced. [These are the natural 
oscillations set up in the tourmaline orystal, and their frequenoies are 
dependent on the size of the gauge itsclf. In the case of the 1" crystal 
gauge the osoillations have frequencies of approximately 240,000 .c/s. 

They are referred to here for the first time in this report, but of-vourse 
close examination of the records obtained with the $" and 4" diameter 
gauges reveal similar oscillations in edge-on positions. The smaller 
the diameter of the gauges, the higher these frequencies become, tho 
further reference to then appears in Appendix 1. 


On Plate 11, Record 3, is exhibited the pressure-time pulses 
obtained from the 1" gauge with its crystal faces parallel to the water 
surface and the cable leading away from the pressure wave front. Plate 11, 
Records 4, 5 ond 6 show similar pressure~time signatures with the orystal 
faces perpendicular to the water,surface, Record 4 in the oase of the 
44 1b. T.N.T. charge in its standard canister, Record 5 for a bare 14 1b. 
T.N.T. charge, and Record 6 for a 14 oa. spherical bare P,E. charge without 
@ primer. It will be seen that there are oscillations similar to those 
mentioned above, a finite time of rise of the pressure wave (46 microseconds) 
and that smoother contours are obtained with the bare charges, particularly 
the spherical types. 


When the high frequency response of the amplifier was cut down from 
about 500,000 c/s to about 1/10th of this value, the sharp peak was rounded 
off and the amplitude reduced by about 20/. 


EXPERIMENTAL WORK: PART 6. 


This work constitutes the records finally obtained with the newly 
designed 3" gauge, both single-ply and twin-ply. The method of construction 
of twin-ply gauges was being developed simultaneously with this experimental 
work. This is described in Appendix 2. Here, there is only need to 
mention that the central electrode of silver foil only 0-0025" thick is 
strictly comparable with the burnished silver paste sintered and baked onto 
the outer crystal faces. Flat ligaments of annealed copper are soldered 
onto the outer silver films but the central electrode of silver foil is so 
cut as to provide its own silver tag for soldering onto the central core 
of the cable. 


(a) The single-ply 4" gauge. 


The construction is on similar lines to that given in Appendix 2, 
the thickness of crystal being 1/16". 


(b) Results with the 3" single crystal gauge. 


It was not considered necessary to repeat the normal face-on and 
edge-on records. Shots were fired therefore with the gauge having its faces 
parallel and perpendicular respectively to the water surface and the cable 
attached to the gauge leading away from the pressure front - these are 
edge-on records with the cable having its effect in distorting the pressure 
field reduced to its symmetric minimun. 


On Plate 12, Records 1 and 2, are shown pressure-time records for @ 
standard 1: 1b. T.N,T. charge and for a 14 oz. P»E. spherical bare charge 
respectively, with the gauge having its faces parallel to the water surface. 
On Plate 12, Records 3, 4. and 5, pressure time pulses are exhibited for a 
standard 14 1b. 1.N.T. charge in its standard case, for a 14 1b. T.N.T. 
bare charge and for a spherical charge respectively, the gauge having its 
faces perpendicular to the water surface. The times of initial pressure 
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rise for all these records is 8 microseconds and the oscillations exhibit 
twice the frequency registered by the 1" gauges Bare and spherical charges 
again show smoother contours for the tails of the pressure time pulses than 
the standard charges in containers, 


(c) The two-ply 3" gauge. 


The construction of this gauge is described in Appendix 2. It 
consists of two crystals 1/16" thick, the central silver foil electrode 
being connected to the central cores of the cable and the outer silver 
sintered faces being connected to the cable braid. Apart from the 
special rubberoid wax at the base of the gauge to remove all possibilities 
of trapping air cavities, the only insulation is a film of cured natural 
latex surrounding the gauge and blended into the rubber covering of the 
cable itself. 


(a) Results with the two-ply 3" gauge. 


Three face-on pressure-time signatures are shown on Plate 13, 
Records 1, 2 and 3. These were obtained with the standard 14 1b. T.N.T. 
charge, the bare 1+ 1b. T.N.T. oharge and the 14. oz. P.E. spherical charge 
(without primer) respectively. 


In the case of the spherical charge, the smoothing effeot on the 
tail of the signature is particularly noticeable. The overshoot and sharp 
times of rise are again predominant features for the face-on records of all 
three charges. 


Further pressure-time pulses are shown on Plate 13, Reoords 4, 5 
and Records 6, 7. In the case of Records 4 and 5, the faces of the crystals 
were parallel to the water surface, the gauge being turned through 180° 
for the second record. Similarly for Records 6 and 7, the faces of the 
crystals were perpendicular to the water surface, the gauge in the latter 
case being also turned through 180°. In Records 4, 5, 6 and 7, the cable 
of course was led away from the onset direction of the pressure front, the 
charge in all of these four records being a ii 1b. T.N.T. bare charge. 
For these edge-on records, the time of rise is 8 microseconds, and the 
natural oscillation frequencies of the crystals are clearly discernible. 


DISCUSSION OF RESULTS AND CONCLUSIONS. 


The constructional details of the three types of plezo-electric 
gauges developod at this Establishment have been described elsewhere. One 
of the objects in producing the medium type was to adhere to the principle 
of using the seme type of construction and of gauge insulation (paraffin 
Wax-vaseline mixture) as that for the well-tried large type of gauge. In 
fact only one short series of shots was fired against the medium type of 
construction, and the gauge itself was simply the original two-ply miniature 
type 4" in diameter with thick steel outer electrodes 1/16" thick surrounded 
by a brass case and having wax-vaseline insulation. e pressure-time 
signaturesrecorded with the medium type of gauge were not satisfactory. 

This is partly duc to the clectrodes, as can be seen from this present 
report, partly due to oscillations set up by the brass case, and partly due 
to the type of insulation. 


This report deals with the constructional modifications made to the 
miniature gauge from that given(1) in Appendix 2; the finalised design 
evolved as a result of a large number of tests. 


The cable developed at this Establishment(1) has been used throughout 
these tests. The ratio cable signal/gauge signal has been proved to be a 
negligible quantity even in the case of the miniature gauge. 


The telcothene and rubber tape formerly used in insulating the gauge 
into a robust unit has been abandoned, and the final design has simply a 
coating of cured natural latex. 
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The air trapped underneath the telcothene, the thickness and 
composition of the telcothene as well as that of the thick rubber tape all 
contributed to distortion of the recorded pressure pulse from an underwater 
explosion. 


The thick steel outer electrodes have been replaced by layers of 
silver sintered onto the crystal faces, and fine annealed copper tags are 
spot soldered to these to enable connections to be made to the cable braid. 
The central steel electrodes has also been replaced by a thin silver foil 
fused between the negative faces of the two orystals. 


Thick metal eleotrodes have been shown to produce serious oscillations 
superimposed on the true pressure-time signature. These not only distort 
the pulse but give false peak pressures, and modify the time of rise of the 
‘steep wave front associated with the detonation wave from an underwater 
explosion. 


Although the pressure pulses recorded from identical gauges when fine 
annealed copper electrodes "gelvaed" onto the crystal are not much, if any, 
inferior to those recorded with sintered silver electrodes, nevertheless 
mechanically the adherence of annealed copper electrodes is not sufficiently 
robust to record peak pressures of thousands of pounds per square inch, ise. 
with charges close up to the gauge. 


The total thickness of the complete two-ply miniature gauge is now 
" and it consists of two tourmaline crystals %" in diameter. The 
hickness/diameter ratio of the gauge is, in part at least, defined by the 
strength and quality of the tourmaline discs. The gap between the copper 
tags at the base of the gauge adjacent to the central conductors and braid 
of the cable is filled with a molten rubberoid wax composition, and great 
care is taken to prevent air being trapped. As thin a film of natural 
latex as possible is then cured onto the gauge unit. 


Experiment has proved that the more nearly the tourmaline gauge 
resembles the bare twin arystals, the more faithful the reproduction of the 
pressure-time pulse of the detonation wave. 


For frithful reproduction, the gauge has to be directed edge-on to 
the pressure front with the cable leading away from the explosion wave, 
the faces of the orystals constituting the tourmaline gauge being at right 
angles to the water surface. For a 1% 1b. charge, the sharp time of rise 
of the steep-fronted wave is modified to about 8 microseconds which is the 
period taken by the wave to traverse the gauge diameter: this causes a 
peak pressure reduction of about 3% for this particular charge, but for a 
charge of about 30 lbs., the reduction is not greater than 1%. When the 
pressure pulse is travelling parallel to the plane of the gauge, it will 
be undisturbed by it so that the pressure on the plane will be equal to 
that in the pulse. The time of rise of the wave front as registered with 
the gauge face-on is of the order of 1 microsecond or less but a false 
peak pressure (described as an overshoot in the body of the report), is 
recorded, particularly with a thick gauge rigidly held towards the pressure 
wave. This peak pressure has been proved to lie somewhere between the 
true value of the incident wave pressure and twice this value when the 
reflected wave is in phase. 


The amplifier developed for piezo-electric recording at this 
Establishment is capable of recording faithfully a steer fronted wave 
having a duration of only 1 or 2 mioroseconds, and this is about the limit 
of film resolution and writing speed with the present drum camera, 


Experimental gauges having 4" and 1" diameters respectively have 
also been used satisfactorily in the tests carried out and described 
in this report. 


It is believed that except for the natural frequency oscillations 
set up in the tourmaline discs themselves, that the miniature gauge will 
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now record faithfully the pressure changes in open water as a result of an 
underwater explosion. Moreover it is confidently expected that the effect 
of changes brought about by the presence of water-backed and air-backed 
targets in the vicinity of exploding charges can be determined. 


The simple theory of pressure measurement with a tourmaline gauge is 
given in Appendix 1, together with the theoretical effect of cable signal. 
A reference to the natural frequency oscillations set up in tourmaline 
discs is also given. 


Work, involving exploration of the pressure field as near an underwater 
exploding charge as possible is now proceeding with the finalised type of 
miniature gauge described herein, 
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1) PIEZO-ELECTRIC GAUGE THEORY. 


The miniature gauge is connected to the input of the piezo-electric 
amplifier as shown below:- 
R=Z 


ete a erg 4 a 
| f : Amplifier 
CR 


Ca Ze Co 


The capacity of a n=ply gauge is given by 


k = dielectric constant of tourmaline (7.4) 
CGn = nkaA farads A = area of tourmaline disc in oms. 
4nd x 9 x 10" ad = thiokness of tourmaline disc in ams. 
k = 4.5 for Quartz 
= nA x 0.658 x 10712 farads. 5.6 for Roch Salt 
ad 


The charge developed by a n=ply gauge due to a pressure p dynes/om2 
is given by 


Qa, = nk! p A coulombs k! = piezo-electric constant for 
tourmaline (2.20 x 10717 coulombs/ 
dyne) 
PD = pressure in dynes/cm@. 
A = area in cms. 
= 1.518 n p A x 10712 cowlombs (P = pressure in lbs./in2). 
Q 
“ VG, = = = 2.31 Pd volts. P = pressure in lbs./in2 
Gy d = thickness of disc in cms. 


The special cable developed for use with piezo-electric gauges has a 
capacity of 18.5 x 10-12 farad per foot. Let total length of cable used 
with miniature gauge be L feet long. 


wel Cg iS) 18e5 Ts x 10712 farads. 
Hence vecltage Vp, developed across the amplifier input is given very 
closely by a 


DA x 0.658 x 10712 
Vp. = ol 5 


es Scot volcom (ominclnpe them shinnt 
18.5 L x 10712 capacity Cp) 
nAP 


0.0822 L volts. 


“ine 


number of pone ae discs 
pressure in lbs./in 

area of tourmaline disc in cms2. 
length of cable in feet. 


tun 
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EXAMPLE. 


Se 


Consider a two=ply miniature gauge, each tourmaline disc being #" in 
diameter and 1/16" thick. 


Mheny | Clve ply; 
, -@ 2ply 
oe V 2 ply 


10.5 micromicrofarads 
3.85 P micromicrocoulombs 
0.367 P volts. 


ow tt 


The voltage across the amplifier input is given by 


Vp 2 ply = 0.2086 P/;, 
LP Ti eeooee 
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If L = 750 feet, P = 1000 lbs./in® 


then Vp 2 ply = 0-278 volts. 


2. CABLE SIGNAL. 
The ratio Cable Signal/Gauge Signal:- 


Let cable signal per foot of cable per lb. /in? pressure per foot 
length of cable in circuit = v volts. 


Then cable signal per foot of cable per 1b./in2 pressure per L feet 
of cable in circuit = op SEE 


And cable signal per foot of cable per P lbs ./in2 pressure per L feet 
of cable in circuit = a volts, 


If 1 foot of this cable is immersed in the water and subjected to tl} - 
same pressure as thg miniature gauge, then the cable signal per 1_foot of 
cable per P lbs,/in“ pressure per L feet of cable in circuit = 1 volts. 


Hence percentage ratio, 


Cable signal $Pvi 0.0822 nA P 
Ol Ue ae aia At ee L =, 100% 


4216 ee 
EXAMPLE : - 


For a two-ply miniature gauge $" in diameter, assume that a trial is 
carried out Where pressure measurements are required involving 30 feet of 
the cable immersed completely in water and therefore subjected to the same 
pressure as the gauge from the underwater explosion, 


oo i 44.380 Vv y 


Now, with the special cable, experiment has shown that when 1 foot of 
the cable is subjected to a pressure of 1000 1bs./in2 pressure in a circuit 
capacity of 2500 micromicrofarad (135 feet), the voltage developed is 


certainly less than 4 of a millivolt, but taking this figure as an upper 
maximum, 


; 
then vy = SHOX 15 _ 45x 10° 


Streastes 44.380 x 45 x 4076 qs 
= 0.657%, 


As described in the body of the report, firing against ‘the cable has 
confirmed the fact that cable signal is not significant. 


3. OSCILLATIONS IN TOURMALINE DISCS FROM SHOCK EXCITATION. 


Various complex modes of vibrations may be set up in crystal discs 
of tourmaline when these are subjected to underwater explosions. It is very 
probable that with the present miniature gauge ditrected edge-on to the 
pressure wave, the pressure-time signature registered by the cathode ray 
oscillograph is so faithful that only resonant vibrations of the crystal 
slices remain superimposed on the pressure pulsc. This is particularly 
noticeable in the case of the 1" diameter gauge where about 4 oscillations 
appear on the slope of the wave front (complete period 16 microseconds), 
paving thercfore a frequency of oscillation of 250,000 o/s. Moreover, if 
he wave-length is assumed to be equal to the disc diameter, the frequenoy 
calculated is approximatcly in agreement with the observed frequency, assuming 
sound velocity for tourmaline to be 6000 meters per second. 
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CONSTRUCTION OF TWO-PLY MINIATURE PIEZO-ELECTRIC TOURMALINE GAUGE 
AND CONNECTION TO SPECIAL CABLE. 


by R.V. Bundy and G. Hen 5 


‘le The two tourmaline discs, 4" in diameter and 1/16" thick are cleaned in 
benzene, and allowed to dry. Their resistances are then measured with a 

2500 volt megger and only crystals showing a resistance greater than 10,000 
megohms are accepted. 


20 A very thin layer of silver paste (Burnish silver paste No. 38 purchased 
from Messrs. Baker Platinum Ltd.) is applied with a spatula to each crystal face, 
and the discs are placed vertically with their edges resting in a V-block, 
contact between the silvered surfaces and the block itself being avoided. The 
assembly is now put in a pre-heated muffle furnace, the temperature of which at 
this stage must not be higher than 100°C. Its temperature is then raised 
slowly to 550°C, and is maintained for 30 minutes. The furnace is now switched 
off and allowed to cool to room temperature. The crystals are removed, 
re-tested with a 2500 volt megger and carefully lapped flat on a large tourmaline 
slab completely immersed in petrol. The operations described above take about 
34 hours to complete. 


3. The silvered discs are now tested for polarity and piezo-electric 
sensitivity, the positive faccs being lightly marked. The crystals are once 
more cleaned in benzene or petrol. 


he Each positive face receives a second and slightly thicker coat of 
Silver paste, and cach disc placed, positive side up, in separate porcelain 
crucibles and re-heated as described in paragraph 2 above, 


5. After this treatment, the resistance of each crystal is again checked, 
and the negative faces now receive their second coat of silver paste. On top 
of a steel pad $" in diameter and %" thick, resting on a specially constructed 
end plate of a jig, one of the discs is now fitted with its negative face up; 
a silver electrode cut to the appropriate shape from silver foil 0.0025" thick 
is placed in contact with this negative face, The second disc is now fitted 
in the jig with its negative face also in contact with the silver electrode 
and a further steel pad is inserted on top, The second end plate of the jig 
is bolted on to force the component parts of the gauge and the steel pads into 
alignment. The pressure required to force the erystals and silver electrode 
together is applied by means of screws in the end plates bearing directly on 
the steel pads, The gauge is now returned to the pre-heated furnace and the 
temperature raised slowly to 550°. 


6, The gauge unit now consists of two silvered tourmaline dises fused to 
the silver electrode located between them. The outer or positive faces of the 
gauge are burnished and the resistance between them and the centre electrode 
measured, If this resistance is low, it is usually found possible to restore 
the high value by cleaning the edge of the unit with an abrasive such as 
bakelised diamond dust, This last step is in any case advisable. Two copper 
electrodes 0.4" long x 0.12" broad are cut from annealed copper foil 0,00" 
thick, and spot soldered to the outer faces of the unit, 


7. The gauge unit is soldered to the cable described in reference ‘Ay 

the cable end being suitably prepared. The copper electrodes from the gauge 
are connected to the braid, and the silver centre electrode to the centre 
conductor, so that the gauge is now secured with its under edge approximately 
0.25" from the telcothene. The cable end and gauge unit is thoroughly washed 
in benzene or petrol, and the resistance of gauge and cable measured, 


8. The gauge is now dipped in a special rubberised wax (I.C,I. Hot Melt 
Adhesive L.D. 5257) heated to a temperature of 130°, the cable end being 
immersed to a depth of 0,1" approximately, The wax is allowed to cool, 
and dipping continued, until the gauge and cable end is embedded in a blob 
of wax. The wax is completely removed from the crystals and is tapered 
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back to the end of the cable, and the unit now appears to be fixed ‘to the 
apex of a wax cone, with the base of this cone moulded to the catile end. 

The wax is reheated to 130°C and the unit dipped to give a smooth finished 
surface thereby finally leaving also a very thin wax film on the orystals, 


9. The gauge is lightly washed in petrol, and approximately 1" of the 
outer rubber covering of the cable measured from the base of the wax cone, 
is also thoroughly cleaned with petrol or benzene prior to rubberising. 

The resistance of the gauge and cable is rechecked. The gauge and cable 
end is now dipped in 60% concentrated natural latex (North British Rubber Co.) 
and rotated by hand in order to obtain a uniform thickness. The rubber 
covering is allowed to dry until it changes from the milky white to the 
transparent state. The next step is to apply a ridge of latex to the sharp 
edge of the crystal faces to counteract the dilation of the rubber due to 
surface tension. When the ridge is dry this alternate process is repeated 
three times. It is important that each coat be allowed to dry before the 
next is added; failure to observe this condition may result in a gauge of 
low resistance. The gauge and about 6" of cable enters the oven through 

a modified vent=hole, and the rubber is cured by baking at a constant 
temperature of 47°C for a minimum period of 15 hours. 


The total time taken for the construotion and attachment to the cable 
of a miniature piezo-electric gauge is approximately 36 hours. 


410. A photograph of the jig details is shown in Plate 14, and of the 
gauge before application of the special wax and natural latex, and after 
completion in Plate 15. 
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Design and Use of Piezoelectric Gauges for Measurement of Large Transient Pressures* 


A. B. Aronst anp R. H. Coret 
Underwater Explosives Research Laboratory, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 


(Received June 22, 1948) 


This report discusses the design and use of piezoelectric gauges for the measurement of rapidly varying 
hydrostatic pressures of large amplitude in gaseous and liquid media. Reasons are given for the selection of 
tourmaline in preference to other types of crystal. Fundamental principles of design are stated, and gauge 
construction is described in the light of these principles. A simplified theoretical analysis of transient response 


characteristics is presented. 


I. INTRODUCTION 


HE original suggestion that transient pressure 
waves could be recorded as functions of time by 
observing the trace of a cathode-ray oscilloscope as it 
was deflected by the signal from a piezoelectric crystal 
has been credited to J. J. Thomson. Early experiments 
using such apparatus to record shock waves from under 
water explosions of TNT were described by Keys in 
1921.1 Since that time, the technique has been applied 
to several types of large amplitude pressure measure- 
ment, the most common being pressure-time phenomena 
in internal combustion engines and in shock waves due 
to explosions in air and water. 

During World War II, a group at the Underwater 
Explosives Research Laboratory of the Woods Hole 
Oceanographic Institution made a number of contribu- 
tions to the technique of shock wave measurement, 
utilizing tourmaline crystal gauges. A discussion of the 
present status of this technique will be given in this 
report. The type of gauge developed at the Underwater 
Explosives Research Laboratory will be referred to in 
the following as the UERL gauge.] 


II. BASIC REQUIREMENTS FOR A PRESSURE- 
SENSITIVE DEVICE 


It is illuminating to- outline first the criteria which 
an ideal electromechanical pressure-measuring device 
should satisfy. Although in principle these criteria 
should apply to any magnitude or duration of applied 
pressure, in practice their relative importance depends 
on both characteristics. In this paper, we consider pri- 
marily the measurement of transient pressures lasting a 
fraction of a second at most and with amplitudes from 
one to hundreds of atmospheres, as opposed to static 
pressures or acoustic waves. The requirements for such 
purposes can be summarized as follows: linearity, 
freedom from hysteresis, thermal stability, freedom from 

* The work described in this report was initiated under contract 
with the OSRD in 1941 and after 1945 was continued under con- 
tract with the Navy Department, Bureau of Ordnance. Contri- 
bution from the Woods Hole Oceanographic Institution, No. 437. 

{ Present address: Department of Physics, Stevens Institute 


of Technology, Hoboken, New Jersey. 

t Present address: Department of Chemistry, Brown University, 
Providence, Rhode Island. 

1D. A. Keys, Phil. Mag. 42, 473 (1921). 

{| These gauges are now being produced commercially by the 
Cambridge Thermionic Corporation, Cambridge, Massachusetts. 
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extraneous signals, adequate high and low frequency 
response, minimum distortion of the pressure field, 
ruggedness, and simplicity. 

The efforts of the UERL group were directed toward 
the development of a gauge affording a practicable 
compromise among these requirements. 


Ill. SELECTION OF THE GAUGE MATERIAL 


Of the many known piezoactive crystals, those that 
have been used and investigated most extensively are 
rochelle salt, ADP, quartz, and tourmaline. More re- 
cently, crystals such as barium titanate and its various 
modifications, lithium sulfate, and certain tartrates 
have been successfully prepared and utilized. 

The most sensitive of these materials are rochelle 
salt, barium titanate, and ADP. The first two do not 
appear to be suitable for measurement of fairly large 
pressure amplitudes owing to a relaxation or hysteresis 
effect which causes them to produce a rising signal upon 
application of a step pressure. Rochelle salt and ADP 
exhibit further disadvantages in that they are not 
hydrostatically sensitive and not sufficiently rugged for 
the applications here intended. The other ‘‘synthetics” 
present various difficulties due to their solubility or the 
presence of water of crystallization. 

An extensive survey of piezoelectric activity of 
minerals has been reported by Bond.? It is interesting to 
note that after listing all the known piezoactive, natu- 
rally occurring minerals, Bond concludes that only 
quartz and tourmaline are practical for any extensive 
piezoelectric work. All the other active minerals are very 
rare, occur in the form of exceedingly small crystals, 
or are very weak mechanically. 

Quartz was rejected because of its lack of hydrostatic 
sensitivity. Because of its ruggedness, linearity, insolu- 
bility, and hydrostatic sensitivity, tourmaline appeared 
to offer most promise for the construction of small, 
simple gauges and was selected accordingly. 


IV. DESIGN AND CONSTRUCTION OF 
TOURMALINE GAUGES 


A. Basic Considerations of Design 


Since the criteria listed in Section II are not all mutu- 
ally consistent, the design of a gauge for a particular 


2W. L. Bond, Bell System Tech. J. 22, 145 (1943). 
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application resolves itself into a search for a suitable 
compromise among these factors, and sometimes the 
final design cannot satisfy all the requirements to the 
extent desired. It has been established that tourmaline 
is satisfactory with respect to linearity, freedom from 
hysteresis, and stability of its pressure sensitivity, but 
there remains the problem of arriving at a design ade- 
quate from the points of view of sensitivity, frequency 
response, and ruggedness—all factors which are to some 
extent under the control of the designer. 

Piezoelectric crystals develop polarization charge 
when subjected to pressure changes. This charge dis- 
tributes itself over the capacitance which is in parallel 
with the gauge element, and consequently the amplitude 
of the voltage appearing at the amplifier input is not 
only directly proportional to the applied pressure change 
but also inversely proportional to the total capacitance 
parallel to the gauge element in the input circuit. 

The necessary gauge sensitivity must therefore be 
evaluated in terms of the following controlling factors: 
(1) magnitude of pressure variations to be recorded, 
(2) total capacitance of the gauge circuit (this depends 
principally upon the length of cable required to connect 
the gauge to the amplifier or preamplifier), and (3) 
amplifier sensitivity. 

A lower limit is sometimes placed upon the required 
sensitivity by the presence of spurious signal arising in 
the cable or the mounting of the gauge. In many appli- 
cations, a piezoelectric gauge is connected to recording 
equipment by means of shielded cable, a certain length 
of which may be unavoidably exposed to the pressure 
wave as the latter advances from its source. Spurious 
signal arising in such cases is an integrated effect which 
generally introduces little error into the determination 
of initially discontinuous or rapidly changing pressures, 
but adds progressively more signal as the wave en- 
counters more cable. It is evident that measurements of 
small pressures behind an initial high pressure region 
may thus become highly inaccurate and an effort to 
obtain reliable values of impulse by integration of the 
pressure-time curves may be entirely vitiated. 

Experience has demonstrated that most ordinary 
commercial rubber microphone cables and polyethylene 
cables are completely inadequate since the signals they 
develop when subjected to pressure variations are very 
large and may even be, under some conditions, larger 
than those which would be produced by the gauge ele- 
ments themselves. 

A number of cables were developed which proved to 
be adequate, and one type—a copper tubing cable, 
originated at the David Taylor Model Basin—was used 
successfully for sevetal years in under water studies. 
More recent developments have led to the production of 
a polyethylene cable (designated F.O. 5879 by the 
Simplex Wire and Cable Company) which appears to be 
superior to any other cables previously available and 
which is equally satisfactory for measurements in both 
gaseous and liquid media. However, even in this cable, 
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the signal has not been completely eliminated (although 
it has been very greatly reduced) and one must always 
make sure that the gauge signal is large relative to the 
residual cable signal in each application. 

Although much work in the past has been done with 
single-ended systems using coaxial cables,’ it is well 
known that push-pull or balanced systems effect ma- 
terial reduction in residual cable signal by canceling out 
components which are symmetrical about ground. It 
seems unlikely, however, that such a system would 
eliminate the difficulty entirely, since there is no reason 
to expect the cable signal to be a perfectly symmetrical 
phenomenon. 

The sensitivity of a piezoelectric gauge is directly 
proportional to the available sensitive area of crystal. In 
cases where spurious signal due to cable or gauge mount- 
ing is a significant factor, the permissible lower limit of 
sensitivity imposed by such signal places a lower limit 
upon the size of the gauge. On the other hand, the dis- 
cussion of high frequency response and pressure-field 
distortion given in Section V shows that higher fidelity 
is obtained with smaller linear dimensions of the sensi- 
tive unit. Specific requirements as to accuracy with 
respect to high frequency response consequently put an 
upper limit on the linear dimensions of the gauge, par- 
ticularly the dimension along the direction of propaga- 
tion of the wave, and this upper limit must be reconciled 
with the lower limit indicated by the necessity of 
swamping spurious signal. In some cases the two re- 
quirements cannot be reconciled, and one or the other 
must be compromised in designing the gauge. This is 
particularly true where it is desired to measure very 
rapid pressure variations in liquid media. In gaseous 
media where the high frequency response requirements 
are usually less stringent, large gauges can be used and 
the above requirements can generally be reconciled. 

In the actual construction of gauges, a given sensi- 
tivity can be obtained and the linear dimensions 
minimized by stacking two or more crystal plates in 
parallel. This feature has been utilized in all UERL 
gauges, but, except for a few special cases, it has not 
proved practicable to use gauges having more than four 
plates in the pile. 


B. Construction of Gauges 


The object of the UERL group was to develop a unit 
suitable for measurement of explosion-produced shock 
waves in air and water. Many of the basic principles, 
however, apply to measurement of transient pressure 
waves in general, and properly modified UERL-type 
gauges should be useful under a wide variety of cir- 
cumstances. 

The principal difficulties with the early gauge designs 
proved to be lack of stability of pressure sensitivity and 
prevalence of large systematic discrepancies between 


3R. H. Cole, “The use of electrical cables with piezoelectric 
gauges.” OSRD Report No. 4561. 
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gauges used on the same measurement, even when the 
sensitivity of each gauge appeared to be stabilized. 
These difficulties were largely overcome by adoption of 
an improved construction technique, the governing 
principle of which was to prevent disturbance of the 
electrodes during the later stages of gauge assembly and 
during subsequent use. 

An assembly drawing of a single-ended UERL gauge 
is shown in Fig. 1, and a picture of the different stages 
of construction is shown in Fig. 2. Properly lapped 
tourmaline disks receive a coat of electrode material, 
such as Du Pont liquid silver No. 4391, and are baked 
for about an hour at 550°C. Four disks are then as- 
sembled in a pile, two on each side of a steel tab as 
shown in Fig. 1, and the pile is sweated together into a 
single homogeneous unit by being placed in a spring 
clamp and again heated in an oven. Provision is made in 
this operation for electrode connection to the inter- 
mediate crystal faces. 

The peripheral edges of the pile are insulated by the 
application of a thin layer of dielectric material such as 
pure latex which can be painted around the edges and 
cured in situ by baking at ca. 120°C. With the periphery 
properly insulated, contact can now be made between 
the outermost crystal faces and the grounded central 
tab. Originally this was accomplished by direct soldering 
to the electrodes, and the technique was revised because 
of the deleterious effect on the intimacy of electrode- 
crystal contact. The present technique is to make con- 
tact by means of a conducting silver paint which can be 
baked on at temperatures low enough to be compatible 
with the insulating material used around the edges of 
the unit. 

In connecting a unit of this type to a length of 
electrical cable, it is only necessary to solder the central 
tab to the cable shield and spot solder the high electrode 
leads to the cable conductor. These connections can be 
made quickly, with a minimum of heating of the gauge 
element. In this manner the electrodes are afforded the 
greatest possible protection during mounting of the unit. 
(Elements of this type have also been mounted in 
threaded inserts which can be screwed into the wall of a 
container in which pressure variations are to be studied.) 

Gauges of this design have been used to measure pres- 
sure, impulse, and energy flux in waves ranging in 
amplitude from 0.5 to 100,000 lb./in.. 

It was originally feared that the introduction of the 
metal central tab might tend to introduce spurious me- 
chanical oscillations on the pressure-time records. How- 
ever, there has so far been no evidence of the presence of 
oscillations more serious than those ordinarily observed 
with gauges of earlier design which were not provided 
with central tabs. 

The central tab principle is also vitally important be- 
cause of the strength it gives the completed unit, 
particularly where measurements are to be made in 
gaseous media in which stresses caused by the ex- 


ceedingly high particle velocities are capable of causing 
severe damage to unreinforced gauges. 

The gauge design described is also well suited to the 
construction of push-pull units. If one pair of tourmaline 
disks is arranged with positive faces connected to one 
high potential lead while the pair on the opposite side of 
the central tab has negative faces connected to another 
high potential lead, the central tab and outer pair of 
faces can all be grounded to the shield of a two-con- 
ductor cable while the two high potential leads are con- 
nected to the two center conductors, respectively. This 


SSS) 


PLAN 
FULL SCALE 


i 


ELEVATION 


SSS) 


= 
SSSSSSSSSSSSSSSSSSSSY 


PISS 
NNNNNANAANANANNNNNNN 


mad 


iE 


EXPANDED 
TYPICAL 
CONNECTION 


EXPANDED SECTION (A-A) 
H (ELECTRODE FACES 
} SWEATED TOGETHER) 


KEY 
} = CURED LATEX INSULATION 
P-STEEL PLATE 
S-—8ILVER ELECTRODE 
%- SILVER SHIELD 
T — TOURMALINE 
W- WIRING POSITIVE 
Wr WIRING NEGATIVE 


Fic. 1. Assembly drawing of UERL-type tourmaline gauge. 


results in a perfectly symmetrical, completely shielded 
unit which develops signals balanced about ground. A 
less symmetrical, but more efficient push-pull gauge can 
be made by connecting a single-ended-type unit to the 
center conductors of a two-conductor cable without 
grounding any point within the gauge. 

In the case of gauges intended for measurements in 
gaseous media, the serious effects of perturbation of the 
flow around the gauge‘ can be minimized by surrounding 
the gauge element with a streamlined housing or baffle 
of suitable shape and proportions. Various aspects of 
this design problem are still under investigation in 
several laboratories. 


C. Coating of Gauges 


After the gauge element is assembled and mounted, it 
is necessary to apply a waterproof coating, since contact 
with even minute quantities of moisture results in low 
gauge resistance with consequent impairment of the low 
frequency response. c 

Numerous coating techniques have been tested by the 
UERL group, and only a few have proved satisfactory. 
The most useful method has been the application of a 

4J. K. L. MacDonald and S. A. Schaaf, “On the estimation of 


perturbations due to flow around blast gauges,” OSRD Report 
No. 5639. 
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thin, tight winding of high grade rubber tape over a thin 
layer of rubber cement such as Bostik 292 (BB Chemical 
Company, Cambridge, Massachusetts). 

Where the cable or other mounting is rigid (as in the 
case of copper tube cables), successful coatings have 
been obtained by dipping the unit several times into a 
molten mineral wax (such as Zophar Mills C276) and 
allowing a thin wax coating to be built up. 

Successful, but fairly bulky coatings have been ob- 
tained by cold-molding of Thiokol (Minnesota Mining 
and Manufacturing Company). Molding in plastics has 


Fic. 2. Stages of construction of single-ended tourmaline blast 
gauges. 
1—Raw tourmaline crystal. Cuts are made perpen- 
dicular to the principal (Z) axis. 
2—Slab of tourmaline before dicing. 
3—Dicing tool (periphery charged with diamond dust). 
4—Tourmaline slabs cemented to glass plate for dicing 
operation. 
5—Stacking of disks and central tab. (Silver electrodes 
have been applied.) 
6—Element after being sweated together in oven. 
7—High lead connecting intermediate pairs of faces. . 
8—Center conductor of cable. 
9—Brass tube. 
10—Special lead-sheathed microphone cable. 
11—Various sizes of gauges which have been constructed. 
Diameters, left to right : 13, 14, }, 4, and } in. (4- and 
3-in. gauges are used for underwater measurements). 
12—Central tab soldered to brass tube. 
13—Latex edge insulation. 
14—Painted silver shield providing contact between 
outer faces and ground. : 


been unsuccessful because of the brittleness and poor 
adhesion of thin layers of these substances. Molding in 
rubber has proved impractical because the accompany- 
ing high temperatures damage the gauge elements. 

In air or other gaseous media the coating serves an 
additional important purpose in that it provides a meas- 
ure of thermal insulation to the crystal element, thus 
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preventing serious pyroelectric interference from changes 
in ambient temperature and changes due to temperature 
rise of the gas on adiabatic compression in the shock 
wave. 


V. TRANSIENT RESPONSE CHARACTERISTICS 
OF GAUGES 


A. High Frequency Response 


We shall first analyze the effect of the geometrical 
size of the gauge upon the fidelity of its peak pressure 
reading. 

(1) Frequency response. Assume a simplified ideal 
case in which the gauge is represented by a circular disk 
of radius a, and negligible thickness, and assume the 
gauge to be oriented edgewise to the direction of propa- 
gation of a sinusoidal standing wave Po cos(27x/d), 
where «x is the distance from an axis through the center 
of the gauge and J is the wave-length. 

If c is the velocity of propagation, it is readily shown, 
by integration over the surface of the gauge, that 


R (f)=2J,(2nfa/c)/(2xfa/c), (1) 


where f is the frequency of the standing wave, J:(2fa/c) 
is Bessel’s function of the first kind, index one, and 
R({) is response of the gauge, defined as the ratio of the 
actual maximum force it experiences to the ideal maxi- 
mum force given by the product of Po and the gauge 
area. R(f) is plotted as a function of af/c in Fig. 3. It is 
seen that the response falls to zero at the frequency 
fo = 0.61¢/, a. 

At higher frequencies the response undergoes suc- 
cessive reversals of phase and gradual decay. It should 
be noted that ordinary steady-state response measure- 
ments are insensitive to phase, and the negative portions 
of the curve would be measured as positive. This 
rectified form is indicated by the dashed curve of Fig. 3. 

As a numerical example, the response in water of a 
gauge 12.6 mm in diameter will be half its static value at 
a frequency of about 60 kc/sec. and zero at a frequency 
of about 100 kc/sec. 

A number of gauges were calibrated for the UERL 
group by the Columbia University Underwater Sound 
Reference Laboratories, the frequency-response curves 
being obtained at acoustic levels by using the gauge to 
pick up the signal of a standard projector previously 


_calibrated by means of the reciprocity principle. A 


comparison of the theoretical calculation with experi- 
mental results is given in Fig. 4, and it is seen that the 
two are in generally good agreement. The hump in the 
experimental record for Gauge 5A53 has the charac- 
teristic appearance of a mechanical resonance and is 
probably due to a cantilever vibration of this particular 
gauge on its 5-in. length of copper tube cable. 

(2) Step response. If a gauge is to be used for transient 
pressure measurements, it is desirable to analyze its 
performance in terms of its response to simple forms of 
traveling wave. The simplest useful case is that of a step 
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0 
REDUCED FREQUENCY, Ff a/e 


Fic. 3. Frequency response of a circular gauge of radius a 
oriented edge-on to an advancing pressure wave. (f is frequency, 
and ¢ is velocity of wave propagation.) 


pressure of value Po, traveling with velocity c parallel to 
the faces of the disk. If the pressure discontinuity is at 
x=0 at time ‘=0, and the gauge of radius a has its 
center at x=0, the response of the gauge, R(t), is readily 
shown from geometrical considerations to be given by: 


0, when t<—a/c 
R(t)= (o= sing cosd)/7, when —a/c<t<a/c, (2) 
ile ~ when t>a/c 
where 
¢=cos!(—ct/a). (3) 


Equation (2) is plotted in Fig. 5 as a function of ct/a. 
From the symmetry, it is evident that the area under 
the response curve is the same as the area under the 
ideal curve if the integration is carried. from —a/c to 
times greater than +a/c. The interval 2a/c is obviously 
the time required for the pressure wave to cross the 
gauge. For a 12.6-mm diameter gauge in water, this 
crossing time is 8.4 usec. It is apparent that a gauge of 
diameter 2a cannot be expected to give very detailed 
information about pressure changes occurring in time 
intervals of 2a/c or less. 

(3) Response to saw-tooth wave. The response of a 
circular gauge to other arbitrary forms of transient can 
in principle be obtained either from Eq. (2) for the step 
response by use of the superposition theorem or from 
Eq. (1) for frequency response by use of the Fourier 
integral theorem. In many cases the practical difficulties 
of the calculations are considerable, and answers in 
closed form involving evaluated functions are not ob- 
tainable. In the special case of the type of wave en- 
countered in shock-wave measurements, however, the 
nature of the response can be adequately illustrated by 
assuming a saw-tooth shape. If the incident wave is 
given by, 


= when t<x/c (4) 
P(x, d= {Pr (1/0)(t—x/c)], when > 2/e 


the response of a circular gauge is shown to be, 


0, when t<—a/c 

$/ a— (sing cosp)/m— (a/37c8) 

(3 sin6—3¢ cos¢—sin*p), (5) 
when —a/c<t<a/c 
when t>a/c 


S()= 


1—1/0, 


where, as before, ¢=cos—!(—ct/a). 

The saw-tooth response of Eq. (5) is plotted in Fig. 6 
as a function of ¢/@ for various values of the ratio a/cé. 
If this ratio is less than about 2, the maximum response 
lies very nearly on the true response curve and is lower 
than the true maximum by the fraction a/c. The time 
required for the gauge to give the maximum response is 
very nearly the crossing time 2a/c. As a numerical ex- 
ample, consider a gauge 12.6 mm in diameter used to 
record a shock wave in water having a decay constant 
6=400 usec. The time to cross the gauge is 8.4 usec. and 
the indicated peak pressure will be approximately one 
percent low. If a gauge is to record a shock wave having 
6=SO usec. with less than one percent error in peak 
pressure, its diameter should not exceed 1.5 mm. 

The behavior of the saw-tooth response suggests that 
a measured value of peak pressure for a wave similar to 
a saw-tooth in form could be corrected for the effect of 
gauge size in either of two ways: (1) by adding a fraction 
(a/c0)/(1— a/c) of the maximum response to this value ; 
(2) by extrapolating the initial decay of the response 
back an interval a/c along the time scale, determined 
either from the measured radius a or from the measured 
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Fic. 4. Comparison of experimental and theoretical frequency 
response curves for two gauges. (Experimental calibrations per- 
formed in sinusoidal acoustic field.) 
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Fic. 5. Response of a gauge of radius a to a progressive step wave 
of velocity c. 


time required for the gauge to give maximum response, 
this time being theoretically equal to 2a/c. 

The validity of such a correction involves the as- 
sumptions that distortion due to diffraction effects dies 
out sufficiently rapidly not to affect the curve after the 
maximum, and that the true pressure curve is suffi- 
ciently simple for a linear decay law to be a good ap- 
proximation. It is reasonable, however, to expect that 
any diffraction effects will have the general character of 
damped transient oscillations about the gradual rise as 
the gauge is covered by the advancing wave and should 
not be significant after the gauge is covered. Whether or 
not the pressure curve is sufficiently simple to be repre- 
sented by a straight line or smooth curve, depends, of 
course, on experimental conditions. Unless appreciable 
interference or reflections are combined in the resultant 
wave, the corrected maximum pressure may well be used 
as a significant measure of the wave. 

This principle has been extensively applied by the 
UERL group in the interpretation of underwater shock 
wave records and the estimation of true peak pressures 
under conditions where the gauge size introduced ap- 
preciable error. It was found that the simplified theory 
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provides adequate correction for amplitude effects up to 
about 10 to 15 percent, but then begins to show serious 
departures from observed values. It has also been found 
empirically that the gauge radius a which must be used 
in the theory is not the radius of the element alone, but 
rather the radius of the complete gauge including coating 
material. 


B. Interference Effect 


The analysis of the effect of gauge size on transient 
response neglected any disturbance of the pressure wave 
due to presence of the gauge in the field. Actually, of 
course, the gauge material is a medium through which 
sound waves can be transmitted. As a result, one can 
expect interference effects due to repeated internal re- 
flections of the incident wave at the interfaces of the 
crystal. This would have roughly the character of a 
damped saw-tooth oscillation. The frequency of this 
oscillation cannot be calculated accurately, but it is 
probably of the order of 100 kc/sec. for the types of 
gauges described in this paper. 

In order to examine the effect of interference on re- 
sponse of an actual gauge, we might consider a circular 
disk in either of two orientations: face-on and edge-on to 
the approaching pressure front. The Coulomb sensitivity 
of a disk of tourmaline depends only on the face area, 
not on the thickness, and, as a result, the travel time is 
obviously minimized and the natural frequency highest 
if a thin disk is oriented face-on. It is to be expected, 
however, that Bernoulli effects‘ will be much less if the 
same disk is edge-on. 

To the extent that a single very thin disk is practical, 
the face-on orientation may appear preferable because of 
the inherently higher frequency characteristic. In actual 
practice there is a limit to the thinness possible, and in 
the interest of greater sensitivity, it is desirable to con- 
struct a gauge from a pile of disks; thus multiplying the 
effective area and sensitivity and obtaining a better 
electrical and mechanical design. Under such circum- 
stances the face-on orientation would have much larger 
interference oscillations than the edge-on orientation 
and comparable transit time and flow effects. 


Fic. 6. Response of a gauge of 
radius a to a progressive saw-tooth 
wave of decay constant @ and 
velocity c. Solid line represents 
incident wave. Dotted curves show 
response for various values of a/c8. 


AMEDUCED Tear, m/e) 


837 


PIEZOELECTRIC GAUGES 37 


Comparing the two possibilities, one might expect the 
edge-on gauge to have a much smoother rise in response 
to a step pressure, taking a longer time, but approaching 
the true curve more smoothly. Experimental tests have 
roughly indicated this state of affairs, and practical ex- 
perience has also shown that records obtained with 
gauges in the edge-on orientation give about as much 
usable high frequency resolution as face-on gauges and 
are much cleaner and easier to analyze empirically. 


C. Low Frequency Response 


(1) Internal impedance. Although a piezoelectric 
crystal under ideal conditions develops a potential differ- 
ence between its faces which persists as long as a force is 
applied to it, in practical use unavoidable leakage re- 
sistance and input resistance of recording equipment 
afford conducting paths by which the piezoelectric 
charge is gradually neutralized. As a result, the response 
to applied pressure falls off as the rate of change of 
pressure decreases. The electrical properties of a piezo- 
electric crystal are represented with sufficient accuracy 
for the present discussion by an e.m.f., Vo, proportional 
to applied pressure, in series with the capacitance, Co, of 
the crystal. In actual use the gauge will be shunted by 
lead capacitance C and leakage or other resistance R. 

The,response of such a circuit to a step pressure Po is a 
negative exponential : 


V.=[KA/(C+Cp) ]Poe~*”, (6) 


where V,=terminal voltage ; KA = gauge sensitivity ex- 
pressed as charge developed per unit pressure change; 
and r= R(C+C),). 

From Eq. (6) it is evident that the response in the 
limit of low frequencies or long times approaches zero. 
The useful lower limit is obviously increased by in- 
creasing the time constant 7. Therefore the input 
impedance and other resistances represented by R 
should be made as large as other considerations (for 
example, amplifier stability) permit. Likewise, the time 
constant can also be increased by use of larger values of 
C. (In practically all applications CoC, and increase of 
crystal capacitance would have no appreciable effect 
on 7.) 

Unfortunately, an increase in the value of the padding 
capacity C reduces the output voltage by the same pro- 
portion. If one is limited in allowable gauge sensitivity 
by high frequency considerations or by low pressure 
amplitudes, improvement of low frequency charac- 
teristics in this way requires increased sensitivity of the 
recording system. The best solution in difficult situations 
requires a compromise between gauge size, resistance of 
the circuit, and sensitivity of the recorder. 

(2) Pyroelectric effect. A setond factor that may 
affect the low frequency response of a piezoelectric 
gauge is the development of charge as a result of temper- 
ature changes in the crystal. Such charges can arise 
either directly from increased temperature due to 
adiabatic compression of the crystal, or, indirectly, from 


temperature changes in the surrounding medium or 
from radiation such as sunlight, explosion flashes etc... 

The first effect has been shown to be negligible by 
Keys. The second effect depends upon the amount of 
heat developed external to the crystal and the rate at 
which it can‘raise the crystal temperature by thermal] 
conduction or radiation. 

The pyroelectric sensitivity of tourmaline is such that 
a change in temperature of 1°C produces a charge 
equivalent to that developed by a pressure change of 200 
Ib./in.2. In liquid media, however, the pressure wave 
durations are usually very short, and although the 
adiabatic temperature change of the liquid is appreci- 
able, a gauge can hardly undergo more than a small 
fraction of the ultimately possible temperature change 
during such intervals, particularly in view of the 
thermal insulation afforded by the gauge coating. 

In gaseous media, however, radiation effects, temper- 
ature changes due to adiabatic compression of the 
medium, and effects due to variations of ambient tem- 
perature become very much more pronounced. Special 
care must be taken to provide adequate thermal insula- 
tion by using coatings of sufficient thickness for the 
particular application. Excessive thickness of coating, 
however, has been found to affect the gauge properties 
by introducing spurious oscillations and other unde- 
sirable effects, and a suitable compromise must be found 
in difficult cases. Radiation effects can largely be pro- 
tected against by the use of a bright coating, such as 
silver paint, on the outside of the gauge. 

The longer the duration of the signal being measured, 
the more difficult it becomes to combat interference due 
to pyroelectric effect, and thus the applicability of the 
tourmaline gauge is more severely limited by its 
pyroelectric sensitivity than by the other natural 
limitations of input impedance, time constant, and 
piezoelectric sensitivity. 


VI. REQUIREMENTS OF ASSOCIATED 
RECORDING EQUIPMENT 


Detailed discussions relative to the design and con- 
struction of oscillographic recording equipment and 
cables for use with piezoelectric gauges will be found 
elsewhere.* 7 It is the purpose here to discuss briefly 
only certain requirements of such equipment which are 
intimately associated with the selection and use of the 
piezoelectric gauges themselves. 

From the foregoing considerations, it is obvious that 
the low frequency characteristics of an amplifier should 
be such that its over-all time constant is long relative to 
the duration of the phenomenon being recorded. In ex- 
treme cases this might require a d.c. amplifier. Input 

5D. A. Keys, Phil. Mag. 46, 999 (1923). 

® Cole, Stacey, and Brown, ‘Electrical instruments for study of 
underwater explosions and other transient phenomena,” OSRD 
Report No. 6238; NDRC No. A-360. 

7G, K. Fraenkel, “Apparatus for measurement of air-blast 


pressures by means of piezoelectric gauges,” OSRD Report No. 
6251; NDRC No. A373. 
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Fic. 7. Amplifier error vs. 
non-dimensional amplifier ad- 
mittances 8 for incident waves 
of various a. (See text for ex- 
planation of notation.) 
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impedance can generally be made sufficiently high by 
use of cathode follower preamplifiers. 

The situation with respect to high frequency require- 
ments is slightly more complex in that a certain amount 
of high frequency distortion is unavoidably present be- 
cause of the geometry of the gauge. (This effect was 
computed for some simple wave forms in Section V.) 

In general, therefore, the demand upon amplifier re- 
sponse will be conditioned by the gauge response, and a 
useful quantitative calculation can be made for the 
special case of steep-fronted waves, where high frequency 
considerations are most important. 

We assume that a saw-tooth wave is incident at the 
gauge and that the shape of the signal reaching the 
amplifier can be represented to a first approximation by 
a linear rise to a peak value followed by a linear decay, 


i.e.: 
0 when ‘<0 
F(t)=4 t/y when 0</<y, (7) 
1—(t—-y)/@ when i>y 


where 6 is the decay constant of the wave and y=2a/c, 
the transit time of the shock wave across the gauge. 
The step response of the amplifier is assumed to have 
the form: 
R)=1-e"«, (8) 


Expressing the above relations in terms of dimension- 
less parameters with 6 as the scaling factor (a=7/8, 
8=x/@), and applying the superposition integral, it is 
shown that: 

A=8 Infi+(1—e-**)/a], (9) 


where A represents the fractional error introduced by 
the amplifier in reproducing the peak of the applied 
function, F(/). F(t), however, already contains an error 
a/2, with respect to the peak pressure of the incident 


shock wave. Thus the total error introduced by the 
combined effects of gauge size and amplifier high fre- 


quency response is: 
E=A+a/2 (16) 


with respect to the incident shock wave peak pressure. 

Figure 7 is a representation of Eq. (9) which should 
prove useful in estimating error due to a given frequency 
response for various gauge conditions or for design 
purposes where one seeks to find the frequency response 
necessary to keep the error below a certain selected limit. 

The problem of calibrating piezoelectric gauges is a 
vital one, involving rather highly specialized instru- 
ments and techniques. Owing to fairly recent develop- 
ments in the field, calibration will be discussed in a 
separate paper at some future date. 
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NAVAL ORDNANCE LABORATORY MEMORANDUM 104,67 


14 November 1949 


Otto Meier, Jr. (SE) 
G. Ke Hartmann (SE) 
E. Swift, Jr. (SE) 


A Study of Piezoelectric Gauge Cable Termination. 
(Task NOL-37-Re2c-3-1). 


This memorandum gives data resulting from a study of the simple 
R-C cable compensation network developed by Lampson. Calculations 
and measurements are included for both the steady-state and step- 
transient response of the cable and termination. The steady-state 
response of a specified length of cable having known values of 
characteristic impedance and total capacitance can be predicted 
from these data, for wide ranges of terminating resistance and 
capacity. The corresponding step-transient response can also 

be predicted. For example, it is found that the initial overshoot 
of the transient response can be eliminated entirely by the 

proper choice of terminating resistance. 


The data and conclusions presented here are primarily for the use 

of the Explosives Division, but should be generally useful in the 
selection of the best values of piezoelectric gauge cable terminating 
resistance and capacity to be used with specified lengths of any 
cable having known constants. The interpretations herein are those 
of the author and are not necessarily views of the Naval Ordnance 
Laboratory. 


(a) OSRD 4561; "The Use of Electrical Cable with Piezoelectric 
Gauges", R. H. Cole; 12 December 1944. 

(b) OSRD 1179, (NDRC Memo. A-63M); "Cable Compensation for 
Piezoelectric Gauges", C. W. Lampson; 18 January 1943. 


(A) Plate 2; Calculated Steady-State Cable Response, Terminating 
Capacity Equal to Cable Capacity. 

(B) Plate 3; Calculated Steady-State Cable Response, Terminating 
Capacity Two Times Cable Capacity. 

(Cc) Plate 4; Calculated Steady-State Cable Response, Terminating 
Capacity Four Times Cable Capacity. 

(D) Plate 5; Calculated Steady-State Cable Response, Terminating 
Capacity Six Times Cable Capacity. 
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(BE) Plate 6; Comparison of Measured and Calculated Steady-State 
Response of 955 ft. Simplex Cable with R-C Termination. 

(F) Plate 7; Calculated Step-Transient Cable Response. Terminating 
Capacity Equal to Cable Capacity. 

(G) Plate 8; Calculated Step-Transient Cable Response, Terminating 
Capacity Two Times Cable Capacity. 

(H) Plate 9; Calculated Step-Transient Cable Response, Terminating 
Capacity Four Times Cable Capacity. 

(I) Plate 10; Calculated Step-Transient Cable Response, Terminating 
Capacity Six Times Cable Capacity. 

(J) Plate 11; Oscillograms of Step-Transient Response of Lampson 
Cowpensation Network. 


The R-C Termination Circuit 


1. The circuit dealt with here is the simple compensation network 
developed by Lampson (see reference b). It is shown in Plate 1. Double - 
ended compensation is not considered here because of the inconvenience of 
placing compensation network components at the gauge location in practical 
underwater field work. Moreover, the simple single-ended compensation network 
yields superior initial peak response and can be adjusted for satisfactory 
steady-state and transient response characteristics. 


Plate 1. Lampson Compensation Network. 


The notation is that given in reference (a). The cable is assumed to be ideal 
in the calculations, so that losses due to series resistance and shunt conduct- 
ance are neglected. The cable constants are the characteristic impedance R 
and the capacity C of the total cable length. The voltage V, and the small 
capacity C, represent the gauge used at the input end of the cable. The 
terminating resistance R, is given as k times the characteristic impedance R 
of the cable. The terminating capacity C, is given as m times the cable 
capacity C for the total cable length. the output voltage is V;. 


ae All calculations and measurements are for single-ended circuits. 


In applications where double-ended or push-pull circuits are involved, the 
data presented here refer to one side only of the double-ended circuit, which 
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is assumed to be symmetrical. In particular, where twin coaxial cables 
are employed, the values given here apply to one coaxial line only of the 


twin coaxial cable. 


Steady-State Response Calculations. 


3. 


and C. 


The steady-state response of the network of Plate 1 is given by 


(1) 


(2) 


(3) 


Vv 
t ~ 1 
CoV 
C Sin RO w ( 1 # ikm RCO) + m Gcos ROW 
RC w 


where © s 21 f and f is the frequency in cycles per 
second. This is a complex expression and the absolute 
value is used in the calculations.* 


AS W approaches zero, the limiting value of Eq. (1) 
becomes 


ai = 1 = af 
Gave Hearsay C+ Cy 


Wr 


The response of the system at a given frequency 
relative to the limiting response at low frequencies 
is expressed as a relative amplitude which is obtained 
by dividing the absolute value of Eq. (1) by Eq. (2). 
Hence 


Relative _ len 


amplitude Tosi RUG fon RL 
Bg ( 14 ikm RC#) + m cos ROW 


The relative amplitudes are plotted as ordinates in Plates 2, 3, 
4 and 5, against values of RCw as abscissas. The use of the quantity RCW 
permits the application of these curves to any cable of known values of R 


The curves are therefore not limited to a particular type of cable 


¥ It is to be noted that this expression is somewhat more general than 
Eq. (7) of reference (a) because of the use of the constants k and m. 
Moreover, Eq. (7) of reference (a) contains an error in the denominator, 


where the quantity given as 1RCoW should read iR9C9W. 
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as would be the case if frequency were plotted along.the axis of abscissas. 
Thus if the cable has a characteristic impedance of 50 ohms, a capacity of 
30 micromicrofarads per foot, a length of 1000 feet, and if the frequency of 
interest is 100 kc, the numerical value of ROW is 0.942. Then for m = 2 
the curves of Plate 3 are used, and for k = 1 a value of 1.16 is obtained 
for the relative amplitude corresponding to the value of 0.942 for ROW. 


The calculated steady-state cable response as given by the 
relative amplitude from Eq. (3) is plotted in Plate 2 forms 1, and for 
k= 0,1, 1.5, 2, 3 and 4. Similar curves are plotted in Plates 3, 4, and 
5 for m = 2, 4, and 6 respectively. 


he From Eq. (2) it can be seen that greater sensitivity of the 
overall recording system can be achieved by using smaller values of the 
terminating capacity Coe This corresponds to the use of smaller values of 
mand hence greater output voltage V, in Eq. (2). A value of m = 2 has 
been used successfully in field work and the use of m = 1 will give even 
ereater gignal response. It is to be noted that after the value of m has 
been chosen, the corresponding value of k to be used will be determined by 
both the steady-state and transient responses desired. For example, for 
m= 2, from Plate 3, the use of k # 1 will give a steady-state relative ampli- 
tude of 1.62 for RCW= 2, but from Plate 8, the initial overshoot of the 
transient response will be on the order of 50 percent. As shown by Plate 8, 
this initial overshoot can be eliminated entirely by using k = 2 with m = 2, 
but the corresponding steady-state relative response from Plate 3, will be 
reduced from 1.62 to 0.82 for RCW = 2. 


5. From Plates 2, 3, 4 and 5 it can be seen that if resonances are 
to be avoided in the steady-state response, the value of RCW must not be 
appreciably greater than 2. Since C is proportional to the cable length and 
since W s 217f, this condition places upper limits on the length of cable 
which may be used with a recording system capable of transmitting a given 
range of frequencies. For example a special Simplex twin coaxial cable has 
a capacity of 30.5 micromicrofarads per foot and a characteristic impedance 
of 50.4 ohms for one of the twin coaxial lines. For an upper frequency of 
200 ke, the value of C is 31,600 micromicrofarads; hence the cable length 
should not exceed 1037 feet. 


6. From Plates 2, 3, 4 and 5 it can also be seen that various 
desired degrees of steady-state compensation can be realized by suitable 
choices of m and k, after the length of cable to be used has been specified. 
For example, using 700 feet of the same special Simplex twin coaxial cable, 
and for an upper frequency of 200 kc, a value of 1.35 is obtained for RCW. 
Then for this value of RCW and for m = 2, the curves of Plate 3 indicate 
a relative amplitude of 1.32 for k = 1, and by interpolation a relative ampli- 
tude of 1.14 for k = 1.25. The particular degree of compensation desired, 
and hence the relative amplitude desired, will of course be determined by the 
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limitations imposed by the steady-state frequoncy response characteristics 
of the other components of the overall recording system. 


Steady-State Response Measurements. 


Wie Measurements were made using one coaxial line of a 955 - foot 
length of the special Simplex twin coaxial polyethylene cable for comparison 
with the calculated curves of Plates 2, 3, 4 and 5. Plate 6 is typical of 
the results obtained. 


The input signal ve wes taken from a cathode-follower output 
amplifier of low output resistance. The signal sources used to supply this 
amplifier were a General Radio Type 605-B Standard Signal Generator and a 
Hewlett Packard Model 200C Audio Oscillator. For the input capacity Cor, @ 
100 micromicrofarad capacitor was used to represent the piezoelectric gauge. 
The input voltage Vo and the output voltage Vy, were measured by a Hewlett 
Packard Model 400C VIVM. The input voltage Vo was held constant at 5 rms 
volts. The measured characteristic impedance of one of the twin coaxial 
lines of the cable was 50.4 ohms. The measured capacity of one of the 
coaxial lines was 30.46 micromicrofarads per foot. 


In Plate 6 the calculated curve was obtained by using Eq. (3). 
At the higher frequencies the calculated curve exhibits sharper resonance 
peaks of greater magnitude than those of the measured curve. This is 
because Eq. (3) was derived from the theory of an ideal cable in which the 
series resistance loss and the dielectric loss are neglected. When 
allowance is made for the attenuation resulting from these losses, the 
measured and calculated curves are in good agreement. 


Step-Transient Response Calculations 


8. Following the mathematical procedure developed in reference (a) 
it can be shown that for the network of Plate 1 the first two terms in the 
equation for the transient response to an applied step voltage Vo are 


= teRC . 
(4) cee = 2 e (1+k)mRc 


t+ = RC 
- t-3RC 
+ 2(k-1) e 1+k)mRC 1+ 2 : t-3RC) | + ... 
(16k) 2m (k-1) (isk) mRC 
t 2 3RC 
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In this expression, t is the time in seconds and all other quantitiesare 
the same as previously defined. This expression is a general one for the 
step-transient response of the network of Plate 1. It covers the special 
cases considered in reference (a)*. 


In Eq. (4) the time required for a signal applied to the input 
of the cable to travel the length of the cable is given by the transit 
time RC. Hence the value of the response at the output of the cable is 
zero for all values of time from t = 0 to t = RC. The first term of Eq. (4) 
represents the direct signel at the output after one trip along the cable. 
The second term of Eq. (4) represents the reflected signal at the output 
after it has been reflected from the output end and again from the input 
end of the cable and has therefore made three trips along the cable. Thus 
for values of time between RC and 3RC the transient response is calculated 
by using only the first term of Eq. (4), and fo: values of time between 
3RC (h) 5RC the transient response is calculated by using both terms of 
Eq. (4). 


In the ideal case, the perfect response to an applied step 
voltage V, would be a constant response equal to the final value of the 
response for all values of time greater than t = RC. In the actual case 
of the network of Plate 1 a high-impedance gaugs represented by V, and Cy 
is connected to a low-impedance cable and the transient response will 
oscillate about the final value and will be attenuated because of the 
cable losses. The magnitude of the initial response at time t = RC and 
the magnitude of the oscillations can be varied by proper selection of the 
terminating resistance and capacity. 


The final value of the transient response can not be obtained 
from the two terms of Eq. (4). However, since the final value of the step- 
transient response after a long time has elapsed if equal to the steady- 
Ytate response as the frequency approaches zero, it can be found from Eq. (2) 


Hence the relative amplitude of the step-transient response was 
obtained by dividing the calculated values of Eq. (4) by Ea. (2). Calculated 
values of the relative amplitude of the step-transient cable response are 
plotted in Plates 7, &, 9 and 10 for time values from zero to 5RC and for the 
geme ranges of values of terminating resistance and capacity as were used for 
the calculated values of the steady-state response. 


* It is to be noted that several errors occur in the numerical constants 
in Eq. (8) of reference (a) as published, for the special case 
considered there. The correct values of these numerical constants are 
given by Eq. (4) of this report. 
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9. From Plates 7, 8, 9 and 10 it can be seen that the amount of 
the initial overshoot (or "undershoot") of the step-transient response 
depends on the value of the terminating resistance Ro employed with a 
constant value of terminating capacity Co. The amount of this initial 
overshoot (or "undershoot") is particularly important in the faithful 
recording of an applied step signal and hence also in the faithful recording 
of an applied exponentially decaying signal having an initial rise time 
approaching zero. For example in Plate 8 for m = 2, the calculated initial 
value of the relative amplitude for k = O is 3.00 and therefore does not 
appear on the scale of Plate 8. This can be called an overshoot of 200 
percent. As the value of k is increased for m constant, this overshoot 
decreases, becomes zero for a particular value of k, and then becomes an 
Soya eas Plate 8 indicates an initial overshoot of 20 percent for 

= 1.5, 9 percent for k = 1.75, zero percent for k = 2, and an initial 
wundezehoote of 25 percent for k =» 3 (corresponding to a relative amplitude 
of 0.75 for k = 3). Similar results are plotted in Plates 7, 9, and 10. 


From Eqs. (4) and (2) it can be shown that there will be zero 
overshoot (and also zero "undershoot") whenever k and m are selected to 
satisfy the condition. 


(5) k= 24m 


10. Plates 7, 8, 9 and 10 also indicate the magnitude of the oscilla- 
tions existing for time values up to t = 5RC. In general the oscillations 
are less in magnitude for those values of k and m which result in little or 
no overshoot. Hence for the optimum step-transient response for a given 
value of m, it is desirable to select a value of k which will yield little or 
no overshoot and therefore a reduced magnitude of oscillations. 


Step-Transient Response Oscillograms 


11. An experimental verification of the results indicated by the 
calculated step-transient response curves of. Pletes 7, 8, 9 and 10 was 
obtained by an oscillographic study using the same 955 ft length of special 
Simplex twin-coaxial cable as was used for the steady-state measurements. 
Typical oscillograms for m = 2 and various values of k are shown in Plate ll. 


To obtain the oscillograms, a 10 ke sine wave from a Hewlett 

Packard Model 200 C Audio Oscillator was supplied to a Hewlett Packard Model 
210A Square Wave Generator which was operated single ended. Since the 

output impedance of the square wave generator was 500 ohms from one side to 
ground, a 50 ohm resistor was connected across the output terminais s0 that 
the test wave form would be obtained from a low-impedance source. The output 
of the square wave generator was applied to the cable through an input 
capacity C, of 100 micromicrofarads. One coaxial line of the 955 ft Simplex 
twin coaxial cable was used and was terminated with the compensation network 


of Plate 1, using various values of k and m. The output voltage V, of the 
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cable circuit was too small for direct application to the oscillograph 
and therefore was applied to the amplifier portion of a Hewlett Packard 
Model 400 C Voltmeter which served as a pre-amplifier for the DuMont Type 
248 Cathode-Ray Oscillograph. 


Plate 11(a) shows the wave form of the single-ended output of 
the square-wave generator when applied directly to the oscillograph. One 
period of the 10 ke wave is shown and hence the time base for the complete 
wave form shown is 100 microseconds. 


Plate 11(b) shows the test wave form after it had passed through 
the pre-amplifier used with the oscillograph. This was obtained by passing 
the output of the square-wave generator through the pre-amplifier only 
before reaching the oscillograph. However the cable with its termination 
was also connected to the output terminals of the square-wave generator to 
serve as the normal load on the square-wave generator during this test. 


Plate 11(c) for k = 0, m = 2, shows the extreme overshoot of 
the initial response and the'violent oscillations that continue throughout 
the 50 microsecond time interval after the initial response for the case 
where the terminating resistance is zero. Similar oscillations throughout 
the 50 microsecond time interval were obtained for values of m= 1, 4, and 
6, with k s O in each case. 


Plate 11(d) for k = 1, ms 2, shows an initial overshoot of 
approximately 30 percent. The corresponding calculated curve of Plate 8 
predicts an initial overshoot of 50 percent. The curve of Plate 8 also 
indicates the oscillations to be expected out to time t w= 5RC, but yields 
no information after this time value because only two terms were retained 
in the series expansion for the relative amplitude. Plate 11(d) shows 
oscillations in close agreement with the calculated curve out to time 
t = 5RC, and also indicates that the oscillations are completely damped 
out after time t = 5RC. For Plate 11 the test length of 955 feet of 
special Simplex twin coaxial cable has a transit time RC of 1.47 microseconds. 
Since the initial response occurs at time t = RC, the oscillations predicted 
by Plate 8 and obtained by measurement in Plate 11(d) exist over a time 
interval from t = RC to t s 5RC or for 5.88 microseconds. This time interval 
can readily be identified in Plate 11(d) when it is remembered that the time 
base shown after the initial response is 50 microseconds. 


Plate 1l(e) for k = 1.5, m =» 2, shows a greatly reduced initial 
overshoot which is not greater than 10 percent. This is to be compared with 
a 20 percent overshoot predicted by Plate 8. The oscillations are again 
evident for a time interval corresponding to the calculated interval of 
5.88 microseconds, after which they are completely damped. 


Plate 11(f) for k = 2, m=#.2, shows the complete elimination of 
the initial overshoot. Indeed an "undershoot" on the order of 10 percent 
_ can be seen. This compares with zero overshoot predicted by Plate 8. The 
oscillations again exist only during the 5.88 microsecond time interval out 


to t » 5RC. 
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Plate 11(g) for k = 3, m = 2, clearly shows an "undershoot" 
for the initial response. The initial response is on the order of 80 percent 
of that of the test wave form of Plate 11(b). This can be called an 
"undershoot" of 20 percent and is to be compared with an "undershoot" of 
25 percent predicted by Plate 8. The oscillations again exist only during 
the 5.88 microsecond time interval out to t = 5RC. 


These oscillograms thus provide a very satisfactory confirmation 
of the transient response predicted by the calculated step-transient response 
curves of Plate 8. Similar confirmations were obtained for all other values 
of terminating capacity considered in Plates 7, 9, and 10. 


12. From these results, selection of the most suitable cable termina- 
ting network may be made to satisfy various experimental requirements. 
Reference to these results should facilitate the determination of the optimum 
values of terminating network constants to be employed whenever modifications 

oto the recording equipment are considered. 


Otto Meier, Jr. 
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PLATE 4 
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TERMINATING CAPACITY FOUR TIMES CABLE CAPACITY 
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PLATE II 
(a) SQUARE WAVE GENERATOR (b) SQUARE WAVE AS ALTERED 
OUTPUT, IO KC. BY PRE-AMPLIFIER. USED 


AS 10 KC TEST WAVE FORM.” 
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(d) OUTPUT RESPONSE (e) OUTPUT RESPONSE 
k=O, m=2. k=l, m= 2. k=1.5, m=2. 


(f) OUTPUT RESPONSE JOUTPUT RESPONSE 
k=2, m=2. k=3, m=2 


OSCILLOGRAMS OF STEP-TRANSIENT RESPONSE 
OF LAMPSON COMPENSATION NETWORK 
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ABSTRACT 

In the Buresu of Ordnance the damaging efrect of 
underwater weapons is at present measured by piston geuges. 
Since the difference in peak-pressure and impulse between the 
better explosives is only of the order of 30%, it is important 
to have a reliable theory of the gauges which are used to compare 
explosives end weapons. Therefore, the theory of piston gauges 
is considered here. It is now customary to use such a gauge in 
the "side-on" orientation, namely, with its pressure-sensitive 
face perpendicular to the face of the shock. In this nosition 
theoretical interpretation of the measurements is difficult be- 
cause of diffraction and nossible Mech reflection. In the same 
orientation exnerimental disnversion is larger than for the "heed- 
on" position (where the shock is incident normally on the sensitive 
face of the gauge). Hence, in this revort, the theory is given 
for the head-on orientation. The effect of rarefactions emitted 
by the recoiling pistons on themselves and on esch other is cal- 
culated. This effect is small; it alters the pressure by only 
a few vercent. On the other hand, the recoil of the front face 
of the block affects the pistons so much that it makes the hesd- 
on gauge useless if the block 1s not thick. Therefore, the block 
should be thick; the necessary thickness is estimated here. 


Another correction to be considered is due to the Bernoulli effect. 
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This may change the pressure behind a viston by a few percent, 
since a piston may recoil with high velocity. Cavitation and 
turbulence are shown to be unimportant in present gauges. The 
important affects, namely, recoil of pistons, recoil of block, 

and Bernovili effect can be corrected, except for an uncertainty 
of about 2% in the pressure provided that the gauge ise used in the 
head-on position. It is thus theoretically vreferable to use a 
gauge in this position. If, for any reason, however, a gauge 

is used in the side-on position, it may be calibrated egainst a 


head-on gauge. 
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face of piston or pistons, also area of piston. 
A at time, t = 0, also face of viston number 0. 
face of niston number 1. 


face of block in which pistons move. 


- B at time, t = 0. 


Roc ak = Be! 


length of piston. 


"effective" mass of niston and copner ball or pellet. 


= instantaneous total vressure at center of orifice. 


mean value of incident pressure over face of orifice. 


maximum value of incident vressure at a given point. 


= radius of piston, also Reynolds number. 
= radius of block. 


= infinite plane containing A, and Bo: 


ete BR AC 


= acceleration of fluid at eurface of T. T can be snecialized 


to A, B, or C,. 


= distance of point from axis of orifice. 


= velocity of sound in water. 


velocity of sound in block. 
thickness of block. 


dy. = thickness of effectively infinite, rigid block. 


d= 
8 


thickness of effectively infinite, soft block. 


exvlosion. 
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g - gauge. 
= force constant of covper vellet cornected for dynamic strain 

rate. 

m= 0,/9. 

n = 0,,/20. 

» = instantaneous total pressure due to incident wave and wave 
thrown back by gauge (minus hydrostatic pressure). 

De- instantaneous pressure of incident wave in ebsence of gauge 

r = ratio of pressure at surface of rigid block to 2p,= a measure 
of effect of recoil of block. 

r = distance from a point in pressure field to an element of area. 

s = distance between centers of two orifices ina gauge. 

t = time. 

v= material velocity of water. 

v = magnitude of v. 


So velocity of bloek or baffle. 

a. material velocity in incident wave. 

z = coordinate normal to T,, positive in direction of recoil. 

zp= z coordinate of surface T. T may be specialized to A, B, or Co. 

© = time-constant of incident pulse, i.e., time required for vressure 
in incident pulse to decay to 1/e th of its peak value. 

6,> Rp/e = diffraction time of block or baffle. 

@,= cavitation time. 


@qa- Ppi/pe = damping time of block. 


O5- time constant of gauge, i.e., time required for gauge to register. 


6,= R/e = diffraction time of piston. 


6,= 24/0}, = time for sound to cross block twice. 
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e;= PoL/P ce = damping time of piston. 
A= resistence coefficient. 
M= coefficient of viscosity. 
f = density of water. 
fez density of block. 
ee density of piston. 
@ = angular coordinate. 
WY = velocity potential. 


Ye = velocity votential of pressure field due to explosion. 


= velocity potential of pressure field due to gauge. 
Sake Roe 
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INTRODUCTION 

1. A theory of dianhragm gauges has been developed by Kirk- 
wood (1). A theory of piston gsuges has been given by Hilliar 
(2) and by Hartmann (3), but their work ignores diffraction. 

This report gives a descrintion of viston gauges which does not 
neglect diffraction. A piston gauge is to be interpreted as a 
ball-crusher gauge, a Hilliar gauge, or a Hartmann momentum 
gauge, and in these calculations there is no essential difference 
hetween then. 

2. The essential element of a ball-crusher gauge (Fig. 1) con- 
tains a steel piston, one end of which touches a small copper 
ephere. The other end of the piston is exposed to the explosion. 
When the shock wave falls on it, the piston is driven forward 
and deforms the ball. The strength of the shock may be measured 
by the deformation of the ball. The Hilliar tyne of geuge is 
similar, but it mey contain several pistons of different lengths. 
Each of these may have a Gifferent time of free travel before 
striking an anvil and deforming a cylindrical vellet, carried 

Fic. J. on ite front face. The 
Hilliar gauge supplies in- 


: — = 4 
WY COPPER SPHERE formation on the time-variation 
PISTON of pressure, since its pistons 


have different response times. 
Finally, e Hartmann momentum gauge contains ea single viston of . 


such long response time that it may measure the total momentum 


Ey pee 
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in a shock. Further details on these gauges are found in 
references (2), (4), and (5), 

3S. The theory of the Hilliar gauge and the crusher gauge ig 
given in references (2) and (3), under the assumption that the 
fyuce of the niston is nerpendicular to the face of the shock, 
(Fig. 2). This orientation of the gauge ie here called "side- 
on", It 18 possible thet the approximations made in references 
(2) and (3) are fair, but it 18 difficult to estimate the cor- 
rections which should be made for them. In particular, the 
diffracting effect of the gauge was not calculated, end the possi- 
bility of "irregular reflection" from the gauge face wes neglected. 


These points will now be considered. 


4. 4A side-on shock will cause a weve to be diffracted from the 


Eip: 2 


D leading corner, C, of the block 


(Fig. 2). According to references 


YY.) (2) end (3) the pressure on the 


face CD ie the same ae in the in- 


Cc 
—{—______+— cident shock (p). According to 


SIDE-ON 
a well-known acoustical paradox, if CD is rigid and the wave 


aiffrected from C is neglected, the nreseure on CD ie 2p, in- 
dependent of the angle of incidence. Friedlsnder (6) has cel- 
culated the actual preasure on CD in the acoustic enrroximation 
without neglecting the dieturbance from C and has shown that the 
wave diffracted from C is a mechanism for reducing the pressure 


from 2p to tlie neighborhood of p, the value which should be 


a ae 
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correct for glancing incidence. Although the presaure on CD is 
possibly close to v, as assumed in (2) and (3), it seems to be 
difficult to estimate it more accurately for the gauges in current 
use. 

5. A second neglect in (2) and (3) is the possibility of "ir- 
regular or Mach reflection" (see (7)). Since so-called regular 
reflection in water ceases at an angle of incidence near 65° for 
ehockse of 300 atmospheres (8), Mach reflection from side-on gauges 
is also to be expected in the pressure range which interests us. 
In fact, the complete exvlanation of the doubling nersdox referred 
to in the previous paragreph may depend upon non-linear theory, 
even for very weak waves (see von Neumann (7), page 8). 

§. ‘In order to avoid the unsolved theoretical problems associ- 
ated with the side-on orientation, the cese of normal incidence 
4s considered here. In this position reflection is regular and 
the diffraction problem is much easier. There is also experi- 
mental, as well as theoretical, reaeon for preferring the head-on 
orientation, since diepersion is less there than for the side-on 
position. According to reference (9), page 20, the standard 
deviation is from 5 to 30% more in the side-on orientation. The 
increased dispersion is presumably due to the same causes: ir- 
regular reflection and diffraction. 

7. The ultimate problem is to infer the préssure-time curve 
of a shock from the deformations of several copper pellets. To 
do this it is necessary to know the response of the pistone res- 


vonsible for these deformations. This response is determined by 
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i 869 
two conditions. First, the motion of any piston denends on the 
preesure over its exvosed face. Second, and inversely, the pressure 
4e a function of the motion of the piston itself, as well as of the 
motions of all other "nearby" parts of the gauge which recoil. 

(A moving element is to be regarded as "nearby" if sound has time 
to come from it before the geuge hss completely registered.) We 
have to express the motion as a function of the total vressure, 
and the total pressure as a function of the motion, as well as 
of the incident vressure. These two conditions, taken together, 
lead to an integro-differential equation which is characteristic 
of this kind of problem, and which is sufficient to determine the 


motion of the viaton (pistona). 


TI, THE PRESSURE FIELD NEAR A GAUGE 

8. We firet excress the total pressure as a function of the 
motion of the moving parts of the gauge and of the incident 
pressure, unverturbed by the gauge. The analytical method of 
doing this 18 provided by Kirchhoff's theorem. This theorem e- 
valuates a solution of the wave equation at any point in an arbi- 
trary, closed region in terms of retarded values of the function 
iteelf, and of ite space-and time-derivatives on the boundary of 
this region. The data required in Kirchhoff's theorem are redundant. 
For example, in our problem, knowledge of only the retarded accele- 
ration of the fluid over an infinite plane is sufficient to determine 


the pressure at any point in a certain region on one side of the 


plane. In paragravhs].-5. of the appendix the explicit exnression 


Hae vies 
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for the vressure in terms of this information is calculated from 
Kirchhoff's theorem. 

9. Before giving the adavtation of Kirchhoff's theorem just 
mentioned, it is convenient to introduce the following notation. 
The surface which the gauge presenter to the shock consists es- 
sentially of two narts: the face, A, of the niston (pistons), 
and the face, B, of the block, in which it moves (see Fig. 3). 

B may be extended by a baffle. A, of course, moves rather rapidly 
while B moves much more slowly. At the time, t = 0, when the shock 
vulse firet strikes the gauge, A is flush with B, Let the infinite 


plane containing A and B at t +0 be Ty. At leter values of t let 


Fig, 3 the projectiona of A and B on T be 
A and B. Let the rest of T be 
fo) fo) fo) 
Co» so that 
Zz B B & + + 
At (9.1) T) = A, Ss & 
4 A UJ 6 
\ Gar te Als. Cc. T. Let the broken, moving surface, 
WE: THROWN vi T, be defined by 
\BACK BY GAUGE, ; 5 
me ee (Oe 2} T=) AxtCB C,: 


~~ _—_—— 


Then in terma of the surfaces, z. and T, the fundamentsl expression 
for the pressure is (for proof see avvendix, varagravhs ]. - 5.) 


(9.3) v= 2.0 Pe £ i ta,(4-£)das 
Cr) 


where 
p = total vreasure, excluding hydrostatic vressure, 


at any time on the plane TS at any point which is 
behind the wave front thrown back by the gauge. 
p. - value of the pvressure at this point if no gauge 


were vresent. 
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¢ = density of medium (water) in which gauge is immersed. 
aS = element of area on T,. 
r = distance from dS to point at which wv is evaluated. 
ce = velocity of sound in medium (water). 
ap = acceleration of the fluid at the projection of 48 
on T, the moving surface defined in (9.2). 
The integral in (9.3) 18 to be extended over the infinite vlane, 
T,, but the retarded integrand makes it cut off at a finite distance. 
At the surface of the gauge ap ie the acceleration of A or of B. 
Elsewhere (c.) 4t 18 not directly related to the motion of the gauge; 
but in our applications of (9.3) the surface 8 is usually taken so 
large that the integrand vanishes on C. by retardation. Equation 
(9.3) is, therefore, the desired exoression for the pressure at any 
time on the plane tT in terms of the gauge motion and the incident 
pressure. The possibility of having an instead of aT, in the form- 
ula for p depends upon the very slight compressibility of water 
(appendix, paragraph 5.) 
10. The equation (9.3) is, of course, acoustic and anpvlicable 
only to "weak" shocks. Although the meaning of "weak" is not 
entirely clear at vresent, a shock of 300 atmospheres in water is 
probably well-described by acoustic theory if it impinges on the 
gauge at normal incidence. When a linear shock of 500 atmosnheres 
is reflected from a rigid wall, the acoustic approximation is 3% 
too low on veak pressure and 2% too high on the momentum imparted 


to the wall (reference 10). Since we assume normal incidence, we 
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may use (9.3) end expect it to be error by not more than 2%. 

ll. With the help of (9.3) one may discuss the way in which the 
pressure changes at the mouth of the orifice left by a retreating 
piston. Consider a gauge which has a single, perfectly rigid 
piston end e completely immovable, infinite baffle, i.e., 


(22.2) zm (b,@ , t) 


z(t) b<R 
0) bap an 


zp (b,@ , t) 
wheres Zp, 4s the coordinate of a voint on the surface T, and where 
(b, , z) 48 a cylindricsel coordinate system whose origin is at 
the initial pnosition of the center of the piston. R is the radius 
of the piston. By (9.3) and (11.1) 

2 - Ff ‘ #, (t - <) ar 


ap, * pe Leg(t - &) - 2 (t)] 


uy 


or (11.2) P 


where P is the value of the pressure at center of the orifice 
(r = 0, z = 0), and Z, 16 the coordinate of the piston. Assume 
thet e11 parts of the gauge ere st rest before the shock wave strikes 
it. When the piston first begins to move, z,(t - R/c) is zero, and 
4t remseins zero until t = R/e. During this veriod 
(11.3) P=2P,- pe z(t) 
For large values of the time, on the other hand, P may be exnanded 
in the following form. 


eo Ct) Bea ee 
(a2). eho? = BP." pP 6 [eaves a : | 


ja Nard 
2 ee 


It will be shown later that second and higher order terms in R/e 


- 7 - 


873 

may be dropped. Then 
(11.4) Pisveree—rie 7k: z(t) 

By (11.3) the relief pressure (the decrease in pressure due to 
recoil) is at first pronortional to the velocity of the piston 
and by (11.4) 1t leter becomes proportional to its acceleration. 
At t = 0, the total pressure 1s 2P,. It then falls because of 
the recoil of the piston according to (11.3). This situation 
continues until t = R/e, at which time the pressure-increase vrova- 
gated in from the edge of the orifice has reached its center. From 
then on (11.4) holds if R/c, or the third and higher derivatives of 
ZA are sufficiently small. The neglect of these terms igs tested 
in the avpendix, paragravh 2. Although (11.3), on the other hand, 
is verfectly correct, it holds only for a short time. For example, 
in all Bureau of Ordnance piston gauges R = 1/4", R/e = 4 x00 
sec, The corresvonding deformation time of a crusher gauge with 
e 5/32" ball is, however, of the order of 200 x 1076 sec. \ref- 
erence 3). Hence the initial motion, as described by (11.3), is 
short (4 microsec) compared to the total motion (200 microsec). 
The situation 18 even more exaggerated for Hilliar and for momentum 
gauges where the total motion may require 100-2000 microsec (de- 
pending on the piston) and ebout 4000 microsec, resvectively. For 
dianhragms R/c has been called the "diffraction" time by Kirkwood. 
It is spvproximately the time at which (11.3) ceases to avply and 
at which (11.4) begins to be correct. The fact thet the motion 


changes type in this way is an illustration of Kennard's "reduction 
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principle" (11), namely, that any motion approaches its incom- 
pressive avvroximation after a sufficiently long time (see para- 
gravh 14.). 

12. Only at the center of the orifice does the pressure vary 
exactly as just described. Near an edge waves coming from the 
direction of that edge spoil the proportionality of the relief 
pressure to the velocity in a shorter time than R/c; but, on 
the other hand, waves coming from the opposite edge take a longer 
time than R/e to arrive. The net effect is probably to make the 


pressure variation nearly the same for central. and eccentric points. 


III, THE RESPONSE OF THE PISTONS 
13. In (9.3) the total pressure is written in terms of the 
motidn and the incident pressure. The second condition, giving 
the motion as a function of the pressure, may now be stated. The 
reeponee of any piston obeye the following equation 
(13.1) (M* paz) 2 * kz, = J p 4s 


(A,) 
where 
M 


effective mass of piston and copper ball or pellet 


face of piston, also its area, 

aN = forward travel of piston, 

k = force constant of pellet corrected for dynamic 
strain-rate, 

p = pressure at mouth of orifice, 


A, = mouth of orifice. 


Here M ie the masse of the piston only if it is moving freely, ae 
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in e Hillier gauge; it should be incressed by 1/3 the mass of 
the copper pellet, if the pellet is always in contect with ite 
anvil, as in a Grusher gauge. (See Appendix, naregraph 6.) The 
constent, k, is also different in these two cases; it vanishes 
for a freely moving piston. Since the pressure is integrated 
over the mouth of the orifice instead of over the face of the 
piston, the mass, M, must be augmented by that of the water following 


the piston into ite cylinder. This water mass, f Az is zero 


A’ 
for a crusher gauge, since here the piston is elwaye in contact 


with the ball, and the maximum value of z, is negligible. 


A 
14. The equations (9,3) and (13.1) are the two conditions which 
determine the response of the gauge. These do not solve the 
problem completely, because the region of integration in (13.1) 
is A\, while in (9.3) it 16 T,; and, in general, knowledge of 
&p and aC, 4s difficult to obtain. The problem is solved here 
for a gauge designed so that ap ie very small and so that ®¢,, 
makes itself felt only after the gauge has registered. We combine 
the two equations by calculeting the right hand member of (13.1) 
from (9.3). This will be done under two approximations: (a) that 
the velocity of sound is infinite, and (b) that the mean value of 
the presaure over the mouth of the orifice is equel to its value 
et the center of the same. The first approximation is generally 
called the incompressive one, and the second will here be called 
the central approximation. If the time required for sound to 


crose the orifice is small compared to the total time during whish 
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the piston is in motion, one should expect theee to be good 
approximaticns; it will be verified that they are. 

15. Consider the incompressive, non-central, approximation 
first. Let the gauge have a rigid piston and an immovable, in- 
finite baffle, as specified in (11.1). Thet is, the region B 
is infinite and z, = 0. Then by (9.3) and (11.1) 


(15.1) p = 2p, - &J om z, 4s 
where Zz, is not retarded, and A, 1s the mouth of the orifice. 
After integration (15.1) givee for the pressure at the point 
(b, @) 
(15.2) p=2p,- £8 2, E(%, = 
wrere E ; : ; 
E( =), k) = | [1 - x* sin’g] * ag 


fe an elliptic integral of the second kind. Equation (15.2) 
shows how the relief pressure according to the incompressive 
approximation decreases from the center (E(0) = 1.57) to the 
edge (E(1) = 1). To get the total force acting scroes Ass the 
mouth of the orifice, integrate (15.2) over this area. Let P, 
be the mean value of the incident wvressure, Py» over A: Then 
(15.3) J pas = 2Pa-S§ rp ¢ 
(A_) 


oO 


A 


since 


calor 


1 
J E(k) k ak = 
(0) 


In the terminology of paragraph 14. the approximation (15.3) is 
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non-central. The required equation of motion of the piston is, 
by (15.3) and (13.1) 
8 2 ee 
+ + = Re tks - 
(15.4) (M* Ap2,* Rp) Zt Ra = cap, 


The additional mase, 8/3 f R°, was calculated by Rayleigh (12) 
for the case of a disk vibrseting with simple hermonic motion, 
The preceding calculation shows that the mass of the piston is 
augmented by the same amount when the motion is not periodic. 
This conclusion can also be deduced from Rayleigh's result by 
making a Fourier enalysie of an arbitrary motion, and noting 
that the increase of mass for esch frequency is independent of 
that frequency: but the above proof is more direct than Rayleigh's 
for our purpose. The equation (15.4) 1s similer to the one given 
in reference (3) for side-on incidence (but of course the pressure 
4s not doubled in that case). We conclude from (15.4) that in the 
incompressive avproximation the effect of the rarefaction emitted 
by a recoiling viston is simply to increase its effective mass. 
16. In the nomenclature of varagraph 14, the equation (15.4) 
4s correct for the incompressive, non-central approximation. In 
the appendix, paragraph 7., this is comnared with the compressive, 
central and with the incompressive, central equationa. There it 
4s made clear that either the incompressive, or the central arpvroxi- 
mation, or both together, may be used without appreciable error. 
Equation (15.4), the incompressive, non-central apvroximation 


should be used, however, since it is as simple as the incompressive, 
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central solution and slightly more accurate. 
17. %&It is also possible to give an upper bound to the error 
sssociated with the use of the incompressive equation (15.4). 
The calculation is made in the appendix, paragraph 8., where it 
is shown that this apvroximation may be regarded as introducing 
an error in the effective mass of the piston. For a crusher gauge 
the relative error in effective mass is of the order of 


(17.1) a, x 107° per cent 
where R,M, and Og are radius of piston, effective mass of piston, 
end deformation time, all in cgs units. For a typical gauge 
this relative error is 0.5%. (Here R = 0.6 cm, M = 15g, and 
Og = 200 x 107§ sec). For a Hilliar piston the relative error 
is even less, namely, 

(17.2) 4R4 x 107° ver cent, 
where @, the eesanmestt of the incident pulse, is generally 
much longer than the time-constant of a crusher gseuge. 

18. In the Hilliar tyve of gauge there are several pistone, 
ell set in the same face of the gauge. There is thus the pnossi- 
bility, suggested by Hartmann, that the recoil of each piston 
will relieve the pressure on every other piston. A simple calcu- 
lation of the effect may be made as follows: The force Fy, which 
piston 1 exerts on piston O is by (9.3) 

(ie1) FL = j J a(t - £) a8, a3, 
CAT.) et Rene ee aries 2a 


where a, is the acceleration of piston 1, r is the distance between 
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aS, and as, and the integration is carried out over the areas, 
A, and Aw of the two orifices. This integral is calculated in 
the appendix, peregravh Q9.; but a may be approximated with 
sufficient accuracy by its leading term, since its value is small 
in any case. As an example one may find the effect of the cir- 


cumferential pistons on the central piston (the zero piston) in 


the Hartmann-Hilltar gauge. (See Fig. 4, and reference 5 for 


Fig, 4 details. The zero piston 
OF @ is set in center of the gauge 
S 


© ‘ ® and is surround by 6 pistons, 


all at the distance, s, from 
@) GB) it. The pistons are all of 
the same radius, R.) If the coupling (18.1) 1s included, the 
corrected equation of the zero piston of the Hartmann-Hilliar 
gauge is : : Re R2 6 
(18.2) (M* 3PpR) z* ks = 2aP,[1- $= ted a 


The sum is carried out over the masses My of the 6 circumferential 
vistons. The correction to be made in the deformation of the 


pellet is 1.4% in a tyvical case. 


Iv. THE RESPONSE OF THE BLOCK AND ITS INFLUENCE ON THE PISTONS 
19. Consider a single piston at the center of a finite circular 


baffle. (The words baffle and block sre interchangeable here. 
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In our scematic picture, the gauge consists of two parts: (a) 
the piston, and \(b) the comparatively massive object in which 
the piston moves.) We have so far assumed the baffle to be in- 
finite and at rest. Actually it will move, even if rigid, un- 
less it is very heavy ss well as rigid. Motion of the baffle 
will further diminish the pressure on the piston. In fact, the 
relief pressure due to the moving baffle is 

(19.1) pe [ v(t - 8.) sigs. (t— e,)] 
where Vy is the velocity of the front face of the baffle; 8p 
and a, are helf the times required for sound to cross the pieton 
and baffle, resvectivelf. (19.1) 1s calculated in the same way 
as (11.2). If the action of the gauge is completed before 
t = 6, the exoression (19.1) becomes 

(19.2) 7 ae (t - a 
In thie case, while the gauge is responding, the relief pressure 
from the baffle is proportional to its velocity, but the relief 
pressure from the piston itself is proportional to its accele- 
ration. Their difference in benavior is due to their different 
sizes: the time for sound to cross the piston is small compared 
to the response time of the gauge, while the baffle is so large 
that the time taken by sound to travel from its edge to its center 
exceeds the response time of the gauge. We shall usually assume 
that this is the situation, i.e., 

(19.3) COA) 


576) = 
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where Ps is the response time of the gauge. This condition 
also enables us to ignore pressure waves which are propagated in 
toward the piston from water beyond the edge of the baffle; since 
these arrive too late to influence the gauge. Finally, it is not 
difficult to construct a gauge which satisfies (19.3). 

20. If the condition (19.3) 1s not satisfied, there is a 
further reduction in pressure due to rarefactions travelling in 
from the region beyond the edge of the block. This region has 
been denoted by C, (see Fig. 3). Let the incident wave be plane 
and neglect the verturbation caused by the block in the region 
Co. Then the pressure there is Pe» the vressure of the incident 
wave. Let the corresnonding velocity be Wee If we assume that 
the velocity of flow across Cy is constant between the edge of 
the block and infinity, the relief pressure due to this moving 
water is 

(20.1) pec [ v(t -00) - Ye (t= a,)] =-Fc v(t - %), 
juet ae the pressure due to the finite baffle is given by (19.1). 
Since the incident wave is assumed to be plane, the material 
velocity is p,/pc. By (20.1) the relief pressure due to the 
moving water becomes 

(20.2) = oil - @) 
The correction (20.2) has been made by Goranson in hie exneri- 
ments (13), There is, of course, more uncertainty in using a 
emall baffle and applying the correction (90.2) than in using a 
beffle large enough to satisfy (19.3). 
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21. In order to take account.of the rarefaction (19.2) it 
is necessary either to calculate the velocity of the front face 
of the recoiling block, or to make the block so heavy and so 
nearly rigid that this velocity is negligible. The procedure 
here is to suppoge (19.2) decreased to a small value experi- 
mentally and to estimate this small quantity. The pressure 
(19.2) can be made small by choosing a nearly immovable block. 
Consider one which is rigid an@ laterally infinite, i.e., Ry, =. 
Let it be struck normally by an exponential pulse, namely, Pe = 
Be e7t/e, If the block is infinitely thick as well as wide, 
it does not recoil, and the pressure on its front face is always 
2Pe- If its inertia per unit area is finite, it recoils and the 
pressure on its front face is only a certain fraction of 2p,° 
Let it be 2p,r, where r = 1 for an immovable block, and r de- 
creases when the thickness of the block decreases. In paragraph 
10 of the avnendix, r is calculated. There it may be seen that 
r=i1 at t= 0, and that r decreases as t increases. Its value 
is of no interest for values of the time longer than t = Oo» 
the deformation time of the gauge. In order that r (6g) = 0.99, 
the block must be so thick that the following equation is satisfied. 

C201) m= op in (0.02n +-0.98);; 


n-1 
where 
m = 6/8 fg = density of block 
n = 69/206 d = thickness of block 
64 = Pe a/ Pp c 


aay ae 


1000 & 


So 
So 
. (o>) 
a 
io 
Cy] 
NJ 
: 12 
tt | © 
He site 
: att 
: EtHo 
BH falataa 
HELGA RGArs je) 
PT Be te Ho Ne 
pe 
hk ak fo fe on ene exon 
ry roo 
Care er 
Perera (e) 
(=) 
a O 
HEoooSo 
oa 
EEE ° 
BReoeese ras 
eBono 
HA Ww 
Babee 
gogo 
Coe 
Hapooe 
HH Oo 
H ° 
5 s 
H 
cH 2 
HEECEHH ” 
Cy rH 
te : 
guage 12 
gegoec ae u 


oe 
Seusses 


HH He 
TH 3 coo = 
EERE coea HHH 

4 SEae ey 

seeseee Ho 


60 
50 
40 
30 
20 
10 
0 


884 


Here m is proportional to the gauge time, and n is proportional 
to the thickness of the block. A graph of 4 against oe is 
shown in Fig. 5. The values of d are seen to be very large. 
The equation (21.1), or Fig. 5, specifies the thickness of a 
rigid block for which the relief pressure due to recoil is not 
more than 1% of the total pressure during the response of the 
gauge, 

22. It is next necessary to realize that the block is 
actually soft rather than rigid. One then arrives at a second 
criterion for an effectively infinite block. Let a = velocity 
‘of sound in the block, and let d = its thickness. A shock wave 


falling on the front face of the block does not return until- 


a time, Oa» has passed, where 
(22.1) Sarsre 
8 SS 


If @,> oP (the resvonse time of the gauge), the gauge does 
not receive a signal from the back face until after it has 
registered. Hence the pellet deformations are the same as they 
would have been if the back face had been at infinity. There- 
fore a soft block is effectively infinite, if 
(22.2) Je = 
23. In the apnendix, paragraph ll], the two criteria, (21.1) 
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end (22.2) are comvared. There it is shown that if a baffle 
must be of thickness dy to satisfy the rigid-block criterion, 
(21.1), end of thieknees d, to satisfy the soft-block criterion, 
(22.2), then always 
(23.1) ee 
This inequality is true only if Pp c,/p¢ < 200; but this con- 
dition is always satisfied in vractice, e.g., for steel, 
Poor/Pe = 27. That is, it is only necessary to satisfy the soft 
criterion (22.2). In so doing one fails to satisfy the rigid 
criterion (31.1); but, as remarked in the previous varagravh, one 
gains nothing by exceeding the thickness dae If it had turned out 
differently, i.e., if the result had been da. < ~ then it would 
be vossible to use a thinner block than thet svecified in (22.2). 
As it is, an effectively infinite block should probably be de- 
termined exverimentally with(22.2) es a guide. (A typical value 
of d. is 50 em, corresponding to a gauge time, Og» of 200 micro- 
sec). 
24- It is then possible in principle to make the influence 
of the block on the piston negligible by giving the block a cy- 
lindrical form of length, d, end radius, Ry, where 


(24.1) a= 9% 
Ja Aaa 


8 
a 


Inertia and thickness having been considered, the principal re- 


(24,2) R, 


maining factor is the way the softness of the block allows the 


front face to move. 
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25. If the incident preesure is Pe by ordinary scoustic 
theory the velocity of the front face is 
COR) ween he ik 
Po *Pe 
This is correct only for times not exceeding 24/o,; but by 
hypotheeis the gauge action is over by then. The corresponding 
diminution in pressure due to softnese is by (19.2), if e,/°, 
is mede << 1, 
(25.9) 2p ¢'p, 
Pope 
If the block is eteel, the correction 1e avvroximately 3.6% of 
2p,- The expreseion (25.2) ie correct only for a block of in- 
finite radius. It supposes that all parte of the front face move 
inwards at the same velocity in response to the seme pressure. 
This, of course, ig not true, since the pressure, and hence the 
velocity, at the center are grester than the corresponding 
quantities at the edge, where they are diminished by diffraction. 
The expression (25.2) therefore gives an uvper limit for the effect 
of softness. 
V. OTHER EFFECTS \ 
£26. Some digecussion will be given to show that there is no 
cavitation in front of the recoiling pistons. It will then 
apnear that the same is true of the block. Conditions favorable 
for the development of cavitation are found in front of large, 
thin plates, which are given rather high velocities by imninging 


shocks. The retreating pvlates send out rarefactions which cause 
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tensions sufficient to break the water. The conditions near a 
piston gauge avpear quite different. The pistone are of very 
small diameter and relatively thick. It has already been seen 
that the rerefactions which they produce are weak, and in addition 
they fall off ss 1/r. The argument may be made quantitative in 
terme of the Kirkwood criterion (1), which vredicts no cevitation 
¥f, 

(26.1) B25 1s, 


where R 
c 


L 


Pp 


length of piston 


, density of vieton 

0,72, in 8 
or 

n= fob = damping time of piston 


fe 


This criterion is based on the fact that the total pressure at 
the face of the piston does not become negative after the incom- 
pressive eolution has begun to hold. Since this hapnens at the 


time 6 the pressure falls to zero, if it does at all, before 


p’ 


e The time required during the compreseive regime for the 


p° 
preesure to reach zero is oe. The condition for no csvitation, 
therefore, is that 6, < ee The constant G- has been called the 
cavitation time. This test is really only a test for "Taylor 
cavitation", 1.e., oavitation at the liquid piston interface. 
The Kirkwood criterion is admittedly only rough, but it has been 


checked very well by the exneriments reported in reference (14), 


ae 
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vage 26. In the cases which interest us here 6, /e is very small. 
Assume 6,/@ = 0.10. Then cavitation should not apnear, according 
to (26.1) unless R/L = 20. Hence cevitation should be expected 
only for very thin, wafer shaped pistons, which are never used. 

22. Effects of viscosity and turbulence in the fluid behind 
the recoiling vistons are usually emall, but they may become 
appreciable in long bores of small diameter. In the appendix, 
varagraph 12., a short calculation on these points is given. 
Tarbulence is to be exvected in tubes when the Reynolds number 
(see anpendix) reaches approximately 2000. Behind the recoiling 
pistone R, the Reynolds number, may be of the order of 10° - 10°, 
Hence the flow may certainly become turbulent. At low velocities 
the pressure gradient necesssry to maintain a given flow against 
viscosity is given by Poiseuille's law send is pronortional to the 
velocity. When turbulence appears, resistance increases and the 
required vreasure gradient is provortional nearly to the square of 
the velocity. According to the avvendix, varagraph ]12., however, 
the pressure necesssry to overcome turbulence is not large - about 
1 atmosphere for pistons of the usual diameter. 

28. In references (5) and (11) the possibility of a non-neg- 
ligible "Bernouili pressure" has been pointed out. The reason it 
doea not appear in the treatment given here is that the rundamental 
equation (9.3) 18 based on acoustic theory, which neglecte non- 
linear terms in the hydrodynamical equations. In paragraph 10. it 


was remarked that the acoustic avproximation is in error by not 


Lao) 
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not more than 2% in estimating the momentum of shocks of the 
strengths considered here when they are reflected from rigid walls. 
However, since the pistons, unlike rigid walls, recoil, the velocity 
of the fluid behind them may become high. This may be ae large 
as 4x 10° em/sec for a shock of 300 atmosvheres. (The corres- 
ponding material velocity in the wave is only 2 x 10° em/sec). 

As a result, the force acting on a piston is less than the value 
calculated from linear theory by the amount = A. For example, 
instead of (15.3) one has for the force on the viston 

8 


3 es 7 .2 
2Pa-3R Piz. s BS on 


Thice is shown in peragraph 13. of the apnendix under the incom- 
pressive approximation. When the velocity of the piston is 4 x 
10° cm/sec, the Bernoulli term is seen to be 8 atmosvheres, or 
2% of the total pressure. 

VI, SUMMARY 

Piston gauges are generally used in the side-on orien- 

tation. In this position interpretation of the measurements is 
difficult because of diffraction and irregular reflection; and in 
the same position, experimental dispersion is found to be larger 
than in the head-on orientation. Here the theory has been given 
for the head-on orientation. When a piston recoils it sends out 
a rarefaction. The effects of this rarefaction on the motion of 
its generating piston and on the motion of the other pistons in 


the gauge have been calculated (psragraphe 15. and ]18.). These 
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effects are, in general, small. For example, in the Hartmann- 
Hilliar gauge the relief pressure from the circumferential vistons 
diminishes the pressure on the zero piston by less than 2%. Being 
small they can be found from the incompressive approximation, the 
error in which has been estimeted in (17.1) and (17.2). The gauge 
block itself 1s the source of rarefactione for two reasons: (1) 

it recoils as a rigid body and (2) the front face retreats because 
it is really soft rather than rigid. These effects have been esti- 
mated (paragraphs Pl. - 25.). The thickness of an “immovable" soft 
block is alwsys less than the thickness of an "immovable" rigid 
block (pseragranh 23). In general, the relief vressures due to 
gauge blocks in current use are pvrovortional to their velocities 
and are rather large, while corresponding vressures from the vistons 
are proportional to their accelerations and quite small. According 
to the Kirkwood criterion there should be no cavitation in front 

of the vistone which are now used. Their small diameter insures 
both no cavitation and also accuracy in describing them with the 
incomvressive anvroximation, Turbulence should be imnortant only 
if the vistons are of small diameter and travel long distances. 

In most geuges the vressure necessary to overcome viscosity and 
turbulence does not exceed 1 atmosphere. Finally the high velocity 
of the recoiling pistone introduces an error into a descrivtion 

of their motion by linear theory, and makes it necessary to con- 
gider the Bernoulli effect, (paragraph 27.). The Bernoulli 


pressure msy become of the order of 10 atmospheres. 
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‘Appendix 
25 


NOTE: An equation number which is underlined refers to an 
equation of the appendix. 


1. Paragraphs ].-§. of this avpendix are devoted to a discussion 
of the fundamental expression for the pressure (9.3). A common 
starting point of the diffraction theory is Kirchhoff's theorem: 

Let  (F,t) be a solution of the wave equation, 

Olea aaa 

whose partial derivatives of the first and second order are 
continuous within and on a closed surface 8. Let rt, be a point 
inside of 8. Then 

(uaa) y Red Pfc aca) -&, HB BE] albR]S 48 
where r ia the distance from r to dS, 2, denotes differ- 
entiation along the inward normal to S, and square brackets in- 
dicate retarded values, e.g., [y (t)] = (t-2). If, however, 
ry lies outside 8, the integral vanishes. The integrand in (1,1), 
which depends upon the position, #,, of the field voint and the 
position, z., of d3 will be denoted by 

(#cr,}. 

_2. Kirchhoff's theorem may be applied to a progressive wave 

moving into an undisturbed medium. Let 8, be that vart of the 

wave front which hae crossed a certain plane, T, and let 85 be 

that vart of T which the wave front has left behind. Let S= 3) 

= 8,- Since the retarded quantities CY! , pay) » and #) 
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De Fail 
5: 
St D2 = S 
(2.2) 
(2,2) 


wy cn, 2) 


° 


26 


vanish on S the integral in 


? 
(1,1) extended over s, aleo vanishes. 
This is true for a point, oe internal 
to S, and also for a point, Fo, ex- 
ternal to 3. Hence the integral over 


S collavses to. one over So, and one may 


write 


i a f ft, As ath, 


(3,) 


z =| fa. ef as 


(S,) 


where ae ig any point inside of 8 and where ¥, is its image 


in 85. Addition of (2,1) and (2.2) gives 


(2.3) 


yd, £) 


dy fle 


The value of this integral is not changed if it is extended 


over all of T, eince [4] vanishes everywhere on T outside of 


55. Note that the gradient is taken opposite to the direction 


in which the wave front advances. (2,3) reauires much less 


knowledge of the boundery conditions than (1,1). 


3. Now divide space intc two nerts, Gand E, by an infinite plane, 


T, on opposite sides of which are the cauge, g, and the source, 


e, of an explosion (Fig 2). 


The explosive weve starts out from 


e, strikes g, and is reflected and diffracted back into E. In 


the acoustic approximation the 
disturbance due to e may be des- 
cribed by a velocity potential, 


vY , from which the pressure, 


2 - 


= 
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and the material velocity, v » may be derived. 
(3.2) 9, ) = G eed, pO) 


Wy may be divided into two partes: 
(3,2) ws Wt Vy 


where Lae is the disturbance produced by e in the absence of 
g, and where SiGe 1s the perturbation due to the presenoe of g. 
Let the normal component of the fluid velocity across T toward 


g be v,. Then 
(35.3) y= - Uh 2h 


z, 252 ce hes 


4. The velocity potential satisfies the wave equation. Hence 
(2.3) is apolicable to  , and Ys (2,3) gives for the points 
P and Q in Fig. 3. 


cr) = ay fae Dad 
ua HALAL 
(442) cee lee keeles 
am) 
gd (4,1) and (4,2) are valid on 


T 4tself inside of the WY g wave 
Y. WAVE 


front. Let P snd & coincide on 
FRONT Yq WAVE FRONT 


T behind the Y g wave front. Then 
by (4.1), (4.2), (8.2) and (pe3)5 
yoo = an) (ee4)- 2 BEN 4s 


ew) 


af {40d -2 BES 


(T) 


&O 
he 
Ve 

fa) 


= jo) 
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(45) yer) = 24) -g J TAS 
(T) 


where P is any point on T behind the ae front. By (3,1) 


the total vressure st P is 

i t- eA Be GES 
where Pe is the pressure due to e in the absence of eg. The 
corresponding equation for the pressure in front of T follows 
similarly from (4,1), (4,2), (3.2), and (3,3). It is 

(4,5) p(P) = pa (P) + $268) Sa 2M] ds 


where P is any point between T and the hats wave-front and where 

Q is the mirror image of P in T. 
5. The equations (4,4) and (4,5) express the pressure in terme of 

boundary conditions on any infinite plane dividing the gauge 

from the source of the explosion. However, what is really needed 
is an expression for this pressure 
in terme of the motion of the 
gauge. In order to obtain such 


an expression, choose the plane T 


7. of the preceding varagraph to be 
° 


Qo 
. 


initially coincident with the face 
of the gauge. In the following, thia plane is denoted by tT) in- 
stead of T. In Fig. 4, let 


A 


: face of the piston (pistons), 


face of block in which the piston moves, 


- 4. 
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A, = projection of A on To 
By = vrojection of B on TS: 
Let C, and T be defined as follows: 

(5.1) At Bat C= T 

(S22) gk MBO. 
T 18 a moving, broken surface, which is only initially coin- 
cident with T,. One would like to express the boundary con- 
ditions on ue in terms of boundary conditions on T, because only 
the latter are directly related to the coordinates of the sana 
Fortunately, the displacement of the block is emall. It is, 
therefore, assumed that 

(5.3) (Gano ae, 
Further, the flow behind the moving piston ia nearly one-dimension- 
al and incompressive. (In a shock of 300 atmospheres the density 
changes by about 1%.) If the flow 1a one-dimensional and incom- 
pressive tetween A, and A, then 22 = o there by the conservation 
of mass. Hence, 


(5.4) (4 3 (2 


by (5.1 = 4) 


| eae alan: 
oe (sz. = esl + (52), 24, 


or 
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6. 


where @r is the acceleration of the fluid at T. The quadratic 
term in (5,5) vanishes in the acoustic anvroximation. Probably 

the only vlace where appeal to the acoustic approximation may be 
questioned is at the orifice where the material velocity may rather 
greatly exceed ite value in the incident pulse; but here the flow 
is one-dimensional and nearly incomvressive, hence 24 is small, 
and therefore the quadratic term in (5,5) 1s small also. Then, by 


(5.5) and (4,4) 
(5,6) pos apy Bf 4 ds 


(Te) 
where a, ie the acceleration of the fluid at the projection of a8 
on T. At the surface of the cauge.ap is the acceleration of A or 
of B. Elsewhere it ia not directly related to the motion of the 
gauge; but in our applications of (5,6), the surface B is usually 
taken so large that ite integral vanishes in Cy by retardation. 
(5,6) 18 therefore the desired exvression of the pressure in terms 
of gauge ccordinates. The corresponding expression for the pressure 


at greater distances in front of the gauge is by (4,5) 


(5.7) PP) = plP) + f(Q) - ee if + [a] AS 


amr 
(T) 
The M M Equatio 3 : 
The factor, 1/3, 1s correct for a spring of uniform density, 


ie probably satisfactory for a cylindrical vellet, and it is 


31 
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customary to assume thet it is also correct for a snhere. If it 
is intended to use bal! crusher gauges with short time constants, 
and if it tnen Deoehes necessary to use a ball whose mass is com- 
perable to that of the viston, this factor should be reexemined. 
In typical Buresu of Ordnance gauges with 5/32" and 3/8" balls, 
the masses of the svuheres were respectively 2% and 28% thet of 
tne corresponding pistons. It should also be pointed out that 


ignorance of the plastic response of the cooper ball or cylinder 


_is now the cause of the main uncertainty in the theory of pniston 


gauges. 
In g Cent 

Equation (15.4) 1g the incommessive, non-central solution. We 
repest it here. 

eens a Ma Hip bE R Sy 6 Re Te 
The corresponding compressive, central equation follows from 
Cit 2)Mendatisel)e ites 

(2.2) (M+RpZa) Zp thzp= 2h ht pon Cee (4-B)- 2n I 

This equation may be rewritten, when p AZ, negligible, and the 
incident pulse ir exponential, as 

ECO eS oor ae” +6) (2, (4-6) -2, 4] 
where 


8 = 2AT./m = initial acceleration of piston, 
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Sicha lary ei UN a aS tg 
° 


Finally the two anproximations may be made simultaneously to 

give the incompressive, central equation 
(sits eRa, FPR) 2, 1 cam ORS 

Since the radii of the pistons in current use are small, the 

differences between equations (7,1), (2.2), and (7,3) are also 

smell. They were compared numerically for a crusher gauge with 


the following constants. 


M=14.0¢ 8, = 82.0 10-© see 
R = 0.60 em 0, = 82.4 107© sec 
@, = 4.0 1075 sec 


In the incident pulse, ® = 500 1075 sec 

Equatione (7,]) and (7.3) differ only in effective mass and in 
that by lese than 1%. Numerical integration of (7,2)' gave a 
uaximum displacement differing from the corresponding quantity 
for (7,3) aleo by lese than 1%. This result also shows that it 
fe legitimate to neglect the higher order terms in equation 
ase) iis 


The Brror in the Incompressive Approximation 


8. During the action of the gauge, the acceleration of the viston 
ie always decreeeing, after its initial Jump, since the voreseure 


is falling, while mase and resistance are increasing. Hence at 
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times beginning with t = 2R/c, one has 

(8,1) alt - 2R/c) + alt-r/e) > a(t) 
where R ia the radius of the piston, r is the distance between 
any two voints on ite face, and a is the acceleration of the 
piston. Therefore 

(a2) alt - 2n/e)| a5 > [awe-eyat raw as 


(A) (A) (A) 
Again under the assumption of an infinite, immovable baffle 
equation (9.3) becomes 
(a3) eps 2p, = j 1 al#-B)as 


aT 
(Ae) 


Let py, be the correct relief pressure and let nr be the in- 
compressive approximation to it. Then by (8.2) and (8,3) 
Yee i: £ [ace -2R/c) -ace] jf = 
(R,) 


or . 
Pr ~ bel see aS a(t) as where H-aARic <T<F, 
ok (A) 
(8.4) 
+ e 
ic ease 
(Re) 
since 


4 
\\ dSidS ey RY 
(A) 
‘By (9.3) and (13.1) one has 


(Mt pRZ,) Zn tr2_ = frmds -f Fads - J Cor- Bad ds 
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or 


(g.5) (meph2at Sp Rh) Sa thea fatas - Stn Fa) dS 


By (8.5) and (8,4) one finde that the error in the effective 
mass, M, due to the incompressive anproximation is not greater 


than the right side of the inequality: 


pR* 
PENN i ee alll acv) <t-aR/e<t<# 
(8,6) a ee | 4c) where 6) 


For a crusher gauge (particularly for one subjected to a very 
heavy charge - see reference 3 page 4) we have hd&/al =17/e where 
a. is the time required for maximum displacement. Hence 4 M/M 


is in thie case avproximately 


(8,7) Lik” 1075 
6 
& 


in cge unites. For a freely moving viston, such ee one in a 
Hilliar gauge, one would exvect that ta/al = 1/0, where © is the 
time constant of the incident pulse. Instead of (8,7) one would 
then have 

(a8) aR 0° 


which 1s even smaller than (8,7). 


Rarefaction Coupling between Two Pistona 
9. The integral to be evaluated is 


LC Ca] 
ee ee Ji) pee ae 
CR.) (A) 


Lo HO ie 
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Expand (e,) as far as first order terms in r/e and expand 1/r 


about the. centere of the two orifices. 0 is then calculated 
to be 

(92) Fi = Bo pee ee oy 
where se is the distance between centers. When R/s = 0.25, the 
error in Fio due to the expansion of 1/r is estimated at not more 
then 0.5% and that due tc the exnension of (a) is believed to be 


not more than 0.1% for a 0.5 millisec vulee. 
T T e I Vv R d_ Blo 


An estimate of the thicknese of en immovable rigid block may 
be made es follows. Assume that the incident wave is vlene, 
and that the block is infinitely wide as well as rigid; that is, 
neglect diffraction at its edges. Then the separate relief forces 
contributed by the front and back surfaces are equal and proportional 


to the velocity of the block, and the equation of motion is 
- £/6 


(10.1) (ppd) zZ = ah, c ~ape 2 


where 

density of block, 

thickness of block, 

disvlacement of block, 

peak nressure of incident wave, 
decay constant of incident wave. 


® FUN pw 
wne wo 


We calculete the velocity of the baffle from (10,1) and then 


the relief pressure from (19.2). The result may be exvressed as 


2 iva 
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ll. 


: -t/6 
the ratio, r, of the total pressure to ath,C , the value correct 


for a verfectly immovable, rigid, and infinitely wide block. 
Ge iti ge 
(HOF2) ori eisrt er ea 


where Ti Cel ae. O, = fed / PC. 

n is a measure of the thickness of the block. 

When t = 0, r = 1; and as t increases, r decreases. The formula 
doer not interest ue for values of the time longer than t = oe 

the deformation time of the gauge. If the block has so much inertia 


that r(@,) = 0.99, then its thickness must satisfy the equation. 


(10,3) m=p in (.02n + ,98) 
n-1 
mn = 0,/e 
Two C I Th B 


The rigid block criterion is 
(Ji53) > m =n. In (loen * .98) 
The soft block eae is by (22.2) 
(132) m= gn 
where 
g= Pcl fe Ce 


Surpose that the gauge constant, @_, and the nulse constant, 6, 


g 
are fixed. Then m ie fixed. Let the solutions of 411,1) and 
(11,2) for this value of m be np and Ng, respectively. It will 


be shown that nq > Ng, if g > 0.02. ( For steel g = 0.15.) Let 


= he 
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CY. S)caty: 
er 4) ay 


NR and Ng are, of course, both positive. 


In (.02ng * .98), 


g (np - 1) 


Then, if g > 0.02, 


zy, when nm, 2 1. 


Hence 
(11.5) nR 2 n 
; R when n, 2 1. 
Np - 1 > eae oy Rn < 
By (11,1-4) 
Ba? Bs 


Hence, if a block must be of thickneee dp to satisfy (11,1), 
and of thickness dg to satisfy (11.2), 
(11.6) dg > dg. 


Turbulence 


12. The Reynolds number, R, corresponding to flow in a tube, is 
(72,3) R= vet 


where v #= velocity of flow, 
D = diameter of tube, 
Pp = density of fluid, 
/ = viscosity of fluid. 


The pressure difference necessary to maintain turbulent flow 


along a tube of length, s, is 


(12.2) Ap = As pz 


= 13 = 


904 oC 


where 


~ 
i} 


= a resistance coefficient, 


<I 
' 


= mean velocity of flow. 
The following empirical expression for A has been given by 
Blasius (see, for example, reference 15). 


(12,3) A = .3(R)7°25 


iat Vv = 107 em/sec, R= 10° 
s = 1 cn, Ax 9.48 x 1075 
D= 1 cn, 


Then “ & .5 atmospheres. 


The Bernoulli Effect 


iS. The equatione of continuity and motion are 


(13.2) dur (pt) + S£20 


(13,2) ~ grok p = 


It has been shown that the incomnressive approximation introduces 
negligitle error in the descrivtion of a single piston. Hence, 
sesume that the fluid is incompressible. Then, if YW is the 
velocity potential, equations (13.1) and (13,2) become 


(13.3) EN Dee 
(13,4) RiGee: 


respectively, where ae indicates differentiation along a stream- 


oS 
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line, Hence, along a stream-line, 


(13,5) pee a - pe + constant 


In order to find the preesure one may determine Y from Cis) 
and the given boundary conditions, and substitute in (13,5). 
The eolution of (13,3) is the same in the linear end the non- 
linear approximations, and 16 given by Kirchhoff's equation in 
which c is made infinite. It then follows from (13,5) that the 
"“scoustic pressure" may be corrected by aubtracting pe from 


it. 
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RESPONSE OF THE BALL CRUSHER GAUGE TO VARIOUS DRIVING FUNCTIONS 


by 


A. B. Arons 
Woods Hole Oceanographic Institution 


le Introduction 


The fundamental principles and theory of the ball crusher type gauge 
have been thoroughly discussed by several authorse It is the purpose of this 
appendix to present certain useful numerical results concerning the response 
of the ball crusher gauge to various types of driving functions which idealize 
conditions likely to occur in explosives work. 


2. The Fundamental Equation of Motion 


The equation of motion of the ball crusher gauge®) is given by: 


M xX + G(x) = F(t) (I-1) 
where; 

M = equivalent mass of moving system 

x = deformation of the ball = displacement of the piston 

" 2 

33 ax = acceleration of associated mass M 

at 

G(x) = the "force function", i-e-, the opposing force at deformation x 
F(t) = "driving function”, i-e-, applied force as a function of time t. 


In the case of the ball crusher gauge, it has been shown®» > ¢) that, 
within certain limits, the force function is linear, allowing G(x) in 
Eqe (I-1) to be represented by 


G(x) 


kx (I-2) 


The equation of motion then becomes 


Mx + kx 


F(t), (I-3) 
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an ordinary, linear differential equation readily soluble for various types of 
driving functions. 


A brief discussion of the experimental determination of k will be found 
in the reference listed in footnote b of the preceding page. 


Finkelstein®) shows that for a rigidly mounted gauge? ) the essociated mass 


M = masa of piston + 1/3 mass of ball + = pr (1-4) 
where: 


density of fluid medium 


— 
" 


kK 
ii] 


radius of piston. 


The last term in Eq. (I-4) represents the mass of fluid which becomes 
associated with the motion of the piston, thus adding to the inertia of the 


systeme In the case of the NOL design of ball crusher gauge®), used under 
water, this term constitutes about 4.5% of the total magnitude of Me When the 
gauges are used in air, the term is negligible. 

The sensitivity of the gauge (iee., the value of k) can be controlled by 
varying the size of the deformable copper bail- Two sizes, diameters 3/8 in. 
and 5/32 ine, respectively, have become standard. Various numerical parameters 
pertinent to the two types of gauge are given in Section 13. 


3- General Properties of the Equation of Motion 
1/2 
Letting w = (k/M) » Eqe (I-3) may be rewritten: 
oe 2 1 
x+o" x meres (I-5) 


This is familiar as the equation of motion of a spring obeying Hooke's 
law, and having a natural period 


T= an Vii/k = 2n/o 


a) The Theory of Piston Gauges, by Re Finkelstein, Explosives Research Report 
Noe 5, Navy Dept» BuOrd, April, 1944. 


b) When the body of the gauge is free to move, correction must be made for the 


relative accelerations of piston and gauge body (see reference listed in 
footnote c of the preceding page). 
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It is important to note, however, that in the case of the ball crusher gauge, 
the deformation is permanent® rather than elastice Hence Eqe (I-5) does not 
represent the motion beyond the point of maximum deformation x,- 


In the problem of interest, the initial boundary conditions are: 
x=0, x=Oatt=0 (126) 


It will be the purpose of the following sections to solve Eq. (I-5) for 
various forms of F(t) in the light of these boundary conditions. 


4. Step Function: F(t) = F H(t) F | 
— >t 


Equation (I-5) may be rewritten in the notation of the Cauchy-Heaviside 
operational calculus: 


SG eee = H(t) (1-7) 


where D, is the operator 2 ana H(t) is the unit step function. 
t at 


F/M 


* "WD, + ia) (Dy - 18) Dy 


D, H(t) (T+8) 


Separating Eq- (I-8) into partial fractions: 


1 1 nt F 
aig pete Sere = Zp x(t) 
FE ae? (D, ~ 1) a0" (D, + in) ut 


1 aL (ei -iet,| F s 
ule = ee +e } 7 H(t) (I-9) 
r= (1 = cos wt) H(t) 


To determine the maximum deflection =n and the time of maximum deflection 3 


a) For a discussion of corrections necessary for the slight amount of 
elastic recovery when working at low pressures. 
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and hence 


tn = - en VM/k (I-10) 


Combining Eqse (I=-9) and (I-10), 


a Bs aay (I-11) 


5- Square Wave: F(t) = F H(t) - F H(t - t,) | | 


0 t, — +t 
In this case, Eq- (I-58) becomes 
al F 1 F 
De + oF i arr BF a ena (I-18) 


If t, > ‘ (see Eqe Iel0), the situation reduces to that developed in 


Section 4 of this appendix, as the deformation of the gauge is complete before 
the time t, of pressure cut-off. 


Ift,< =, 
x= 2 (1 ~ 008 ot) a(t) - Z [2 ~ con a(t = to) | H(t = t,) (I-13) 
When t > to» Eqe (I-13) can be rewritten: 
x == [ 208 a(t - t,) = cos at] 
x == (cos @t cos at, + sin ot sin at, = cos at) (I-14) 


To find Xn and t,: 


i= > [sin ot, cos wt, = (cos at, = 1) ain aty | = 0 
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eats sin at, 1 -1 Sin at, (1-15) 
@ = ° rm = 
‘a cos at, = 1’ ‘n ry cos at, = 1 
Perform the following triangular substitution: 
h = V2(1 = cos wt 
( 0) sin ot, = sin at, 
sin ot, h 
atm (I-16) 
cos at, ~ 1 cos ot, = baie “2 lt 
Combining Eqae (I-14) and (I-16): 
5 = [eos ®t, (cos wt, = 1) + sin® at, = cos wt, + 1] 
In = ae V1 = cos at, (I-17) 
Since the response to a step function is 2F/k (Eqe I-11), the relative 
response 
Y= 00707 V1 = cos wt, (I-18) 
Consider Eqe (I-15): 
sin at 
tan ot, = ———_°— (I-15) 
cos at, - 1 
x sin x 
s + = 
ince co a Leese 
ot a ot 
tan wt, = - cot —— = tan| — + —2 
eats Fy «([5 a 
Therefore 
ot, = 2+ Sto (I-19) 
F) 2 


Figure I-1 consists ox generalized plots giving ¥ and wt, /n as 
functions of at./ne 


=%6= 


maw Tapa BESeoo 
ai apa EEREB 
pone (a 
ae te 
eoeese. aug 
: ; 
4 + — 
1 
ree : CI 


Fig. I-l. 


t 


= Time of maximm deformation 


& = Response relative to step response 


w = (k/M) 


tn 
Response of ball crusher gauge to square wave of duration t, < w/z. 
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From the data of Section 12 of this appendix (for the ball crusher gauge 
used under water): 


1.22 x 10* secu for 5/32 in. balls 


& 
i] 


& 
li 


1.82 x 10* sec72 for 3/8 in. bells 


Figures I-2 and I-3 show Y and t,, as functions of ty for 5/52 in. and 
3/8 in. balls. 


It is interesting to note the extent to which the inertia of the system 
is instrumental in maintaining the amplitude of the response as the duration t, 
falls below the step response timee Y¥ is down only 10% when t, is 29% less 
than the step response timee 


6. Linear Decay: F(t) = F(l - ) H(t) F 
eee ee 
Substituting into Eq. (I-5): 0 25k 
al al F 
x= uw + H(t) (I-20) 


(Dy? + wo”) Dy o(D,? + w*) pv,” 


F 1 at 1 


F 
x ==(1 = cos wot) H(t) - => Ot OOO" Gt H(t) 
x MO | (D, + 1o)2im> (Dy = 1) (-2105) DP w® * 
lot -iwt 
= AM ~ cos wt) H(t) - —= rp as ean) 
1's ar Mo 2 
x =: (1 = cos ot) H(t) - = (at - sin wt) H(t) (I-21) 
To determine the maximum deformation: 
teie sin ot, - = + = cos ot, = 0 
1 = cos wt, . 
og = ——_——_4 (1-22) 
ty 
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Fig. I-2. 


Response of 5/32 in, ball crusher gauge to square wave of duration to. 
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Fig. I-3. 
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of 3/8 in, ball crusher gauge to square wave of duration t,. 
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applying the following trigonometric relations: 


AAAS ese Goes tanseee lee a 
ro sin x l~ tan® x 


and combining with Eqe (I-22) 


tan oki = wo 
2 
200 ee) 
t SS Se S os eternal - 
an ot, SES aeiael: ty = tan ary geuee (I-23 ) 
Combining Eqse (I-21) and (I-22): 
F 1 ~ w% 9% F 200 
xe=/1 EIS 
k 14k gh | ~ moe) Te ge 
2 92 
ANS 0 Ca aa 2 
eee ar gn!) Oy wi toast. oF 
2F tm 
x2 a [ - 20 | (I-24) 
The response (relative to step response): 
th 
21-2 I-25 
s = ( ) 


It should be noted that an additional consideration arises in cases of low 9 
where @ becomes < t,- If the driving function actually continues to go 
negative for t = 0, the above development is applicable. If, however, the 
driving function remains zero for t > @, it would be necessary to solve 
Eqe (I-5) with 
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F(t) = F(1 -=) H(t) - F(l -=) H(t - @) (I-26) 


Since this consideration arises at values of 9 lower than those 
normally encountered in the use of ball crusher gauges, the solution will 
not be carried out at this time. 


A generalized plot of ¥ and wt, /n vs. @ is given in Fig. I-4. Plots 


of ¥ and t, vse © for 5/32 in. and 3/8 in. balls (used under water) are given 
in Figs. I-5 and I-6. 


7. Exponential Decay: F 
ae F(t) = Fe7t/? H(t) _N¥/e 
(0) 6 —— >t 
Substituting into Eq. (I-5): 
-t/8 
D2 + w M (Dy + 40) (Dy - 4) (Dy + =) ™ 
P - * 
(D, + 1a) (~210) (L -io) (D,- 1) (240) (2 + io) 
(D, + 3) (lo - rs oo. io) 
er iot E * to | iat 2 3 10 | .-t/0 
8 (°) 


pe ts = H(t) 


1 2 ‘i 1 2 ; 1 2 ; 
Foss hese epee | (oe) Ente 


M F aes (cit _ griot) _ - (eiwt 4 g-iot) 4 | H(t) 
ule 4 =| 2109 
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rT : q E sin wt = cos ot + il H(t) (1-28) 


9° 


To obtain maximum deformation: 


[Foon ate + vin aty = be¥9| =0 


M 3 
My 
9” . 


etn /? = cos wt, + o@ sin ot, (I-29) 


The time of maximum deformation, t,, must be obtained by solving Eq. (I-29). 
Since this is a transcendental equation, the solution must be carried out 


graphically or by successive approximation.» A new solution is required for 
each new value of 0. 


Putting Eqe (I-29) into Eq. (I-28) : 


2 
Fo 1 Fo 
2 | — sin wot, + 00 sin wo = — sin o 
™ M(1 + w® 02) fe tn ts | on tn 
and hence 
2F wo 
= — — sin wo I-30 
*n Onna |} *n ( 
The relative response ¥ is therefore: 
ae 
x = =z sin ot, (I-31) 


Generalized plots of ¥ and wt,/n ve. 0 are given in Fig. I-4- Plots 
of ¥ and t, vs- © for 5/32 in. and 3/8 in. balls used under water are given 
in Figs- I-5 and I-66 
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"9/a-0d = (9)a $(0/3 = T)d = (%)d tetOTZOUNZ Sutatrp Avoep TeTZuSUOdxe pue 
IveuyT Of seIneF reysnio TTVq “ut g/E pue “uy ge/cg JO esucdser oaTyuTeY 


"9-1 °3Ta 


(oesu) @ 


Ho ttt 4 ! COTTE 927% 
Avoep rveutt ‘Trea ‘ut s/c 


2048a Jepun TTeq “uy g/¢ 1,008 gOT = wats 
toque sepum Treq “Ut af/g f;_0e@8 ,oT x az°T = © 


864981 
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Be Exponential Decay with Cut-Off. 


t/ 


a) 
F(t) =Fe - -t,/@ 


Ont) Fe 


Substituting into Eq. (I-5)- and following the development of Eqe (I-27): 


2 
x = = sin wt © cos ot + 7t/0 H(t) 
M(1 + a” 0%) | 00 


(I-3la) 
t=t 
2 .-t,/0 -—2 
~ 2P S| 2 sin w(t = ty) - cos w(t -t,) +e © | H(t - t) 
M(1 + a” 9”) | 2 
Fort, << t < t, , Ea (I-3la) becomes 
F 9 1 27% /e 
xs re — sin wt ~ cos wt - sin w(t - t,) 
M(1 + w” 9”) | 20 

(I-31b) 


-t_/9 
+8 of cos w(t - | 


Differentiating Eq-e (I-3lb), and solving for the time of maximum deformation: 


-t,/@ -t,/e 
ee o/ cos wt, + wes o/ sin ot 


9 (I-Slc) 
ate: 
sin at, + wOs cos at, - 00 


Setting the numerator and denominator of Eq-e (I=-3lc) equal to a and b respec- 
tively, and performing a trigonometric substitution: 
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-2 = 
Cz (1 + a” °”) (l+e %/e - acto! cos wt,) 


Expending Eq- (I=-3lb), and substituting from the above triangle for cos wt 
and sin wt,: 


1/2 
=-2t,/@ =-t 
2F wO | lte pure o/ cos wt, 
k 2 1 + a” 9 
The relative response ¥ is therefore: 
woo | 1+ ear 2e7t0/® cos wt cs 
eres 2 (I-31le) 
2 1-+ w* 9 
8. Linear Rise to a Limiting Value - PF 
t, —> t 
F(t) = F(t/t,) H(t) - F(t/t,) H(t - t,) +F H(t - t,) 
t- t, 
= F(t/t.) H(t) - EF = H(t - to) (I-38) 


Substituting in Eqe (I-5), and solving as in Eq. (I-20): 
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When t > to» 


[ato - sin ot + sin w(t - to)] 


To obtain maximm deformation: 
ae + t i 
Sane: oe oe cos a(t, = t,) =0 


cos ot, = ¢os wt, cos ot + sin at, sin wt, 


1 = cos wt, wot 
(ee {°) 
pe ay sin ot, z 2 


Since t must be > ty, the solution required by Eq. (I=35) is: 


at, 
Oty = 2 + —~ 
Putting Eqe (I-36) into Eq. (I-34): 
a eee at, +2 sin —2. 
kt,® 


and therefore 
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meal - sin ot a - ma - to) - sin w(t - to) ale - ty) 
° 


(I-33) 


(I-34) 


(I-35) 


(I-36) 


(I-37) 


(I-38) 
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4s a@tp5 —»0, *— 1, 


where ¥ is the response relative to step response. 
¥— > 1/2- A plot 


i-e-, approaches step response as expected. As at, —— > 00, 
of & vs- wt, is given in Fig. I-7. 


9- Successive Step Functions Fy Lt Fy +AFe= Fy 
| 


F(t) = Fy H(t) + AF H(t - t,) (I-39) 
F 
= eee ae) ee ma H(t = to) (1-40) 


x= 
Dy? + w® M D,® + a 


Following the development leading from Eqe (I=8) to Eqe (I-99), the solution 
to Eqe (I-40) is: 


F 
—e = (1 = cos wt) H(t) + af [2 = cos a(t - to)| H(t = to) (I-41) 
Ifto<-, then for t > to : 
x= ph - ae cos wt + oF aF (cos @t cos ot, + sin ot sin wt,) 
k k k k 
x72 2/7 + AF cos wt, cos ot - SF sin aot, sin ot (I~42) 
k k k k 
= AF ein wt, cos at (I-43) 


x == (¥, + AF cos wt.) sin ot - F 


For maximm deformation: 
F sin ot 
tan ot, = ee 
Fy + A¥ cos ato 
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Fig. I-7. 
Response of ball crusher gauge to linearly rising driving function. 
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48 ot, —>0 , wt, —>R- Perform the following trigonometric substitution: 


2F, SF 


h =F, \/1 - 
zg 2 

F 

2 


(1 = cos at.) 


AF sin at, 
ot, 


Fy, + AF cos at, 


(Fy + AF cos at, )® - AF sin® at, 


(1 - cos wt.) 


. A F® sin® at, (144) 


ar fF 
7/2 - eae (1 = cos wt,) 
Fg 


4s wt, —>0, y=; 


To eheck Eqe (I-44): 


4F—o, me domes a 


at, —>N 5 55? Ss 


For the special case Fp = 2F, (normal reflection from a rigid surface), 
Eqe (I-44) becomes: 
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BFet | ded o/s i sit’ wt 
In =| F +E VL - Fll - cos wt,) - —————2 __. (1-45) 
4V1l- 21 - cos at,) 


Wall 

If the gauge is oriented against 

the rigid surface as shown in Fig. I-8, 
t,. ts approximately 25 microsece ‘Then 


Gauge 


eee 
at, = 0-505 for 5/32 in. balls Direction of 


(1-46) travel of wave 
at, = 0.455 for $/8 in. balls. 
Pig. I-8. 
Putting Eq. (I-46) into Eq (I-45), 
Xn = 0-971 = for 5/32 in. balls 
BF 
In = 0.936 ET for 3/8 in. balls. 


10- Initial Deformation 


Apply a step pressure wave F H(t) to a gauge in which the piston starts 
from rest in contact with a ball having initial deformation 


Xo° 


The boundary conditions are given by x = X and x=0 at t = 0, and the 
equation of motion becomes: 


2 
x H(t 
x=—+— apr hp ae ee (I-47) 
D,” +o Ml D, +@ 


x =< (1 = cos wt) H(t) + Ip cos wt H(t) (I-48) 
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For maximum deformation: 


° Fa 
x= = sin ot, - x, sin ot, =0 


and hence 
ot, = (I-49) 


Putting Eqe (I-49) into Eq- (I-48), 


In = 32 - x, (I-50) 


Equation (I-50) is important in the interpretation of ball crusher gauge 
behavior, and will be considered in detail. 


Reviewing preceding derivations, the deformation produced by a step 
wave F H(t) is given by Eq. (I-11): 


(I-11) 


The deformation produced by a force F applied infinitely slowly is given by 
Eqe (I-37 ) 3 


(I-37) 


ae | 


(This assumes that rate of strain is not significant in the production of the 
deformatione The assumption is manifestly incorrect, but a consideration of 
these idealized results is nevertheless illuminating.) 


The deformation obtained under the dynamic conditions implicit in 
Eqe (I-11) is twice that obtained due to the same “static” force in Eqe (I-37)« 
This is due to the fact that in the former case the piston acquires kinetic 
energy in the initial stages of deformation, sausing it to “overshoot” and 
give a final deformation 2F/ke 


Now returning to the consideration of Eqe (I-50): When an initial 
deformation exists, the piston cannot acquire kinetic energy in the initial 
stages; in fact, Eqe (I-50) shows that the piston cannot begin to move unless 
the applied force exceeds twice the step force which would originally have been 
necessary to produce the deformation x,» In other words, if x, had been pro- 
duced initially by a step force Fi» so that 


ca Darr a (I-51) 
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then a step force exceeding aFy) would be required to produce additional defor- 
matione 


From another point of view, the question arises as to how amall initial 
deformations should be used in attempts to correct for their existence. 
Equation (I-50) shows that the correction is additive, ieee, the incident step 
force F must be calculated from the sum of the final and initial deformation: 


k + 
Fe oe Tp) (1-52) 


=) 


It is obvious that these results are highly idealized and stem from 
assvmptions implioit in Eqe (I-l)e ‘The latter equation is simply an expression 
of Newton's second law and fails to account for phenomena associated with the 
propagation of the plastic wave through the copper sphere and subsequent reflec- 
tions from the interfaces at piston and anvil, iee., Eqe (I-1) assumes that the 
far end of the copper sphere is instantaneously conscious of events at the near 
end. 


The theory developed in this section must consequently be regarded only 
as a first order treatment reliable only when the corrections are not large. 


lle Gauge Not Rigidly Mounted 


When the gauge is free to move under the influence of the pressure wave 
and is so mounted that the rear end of the gauge is not exposed to the pressure, 
the following force diagrams are applicable. 


Pa Pa + k(x, = x,) 
HX, MX, 
k(x, - x,) 
Fig. I-9- Piston and Ball. Fig. I-10. Gauge Body. 
where; 1 8 
P #= applied pressure m # mass of piston + yg mass ball + ry pe 
a = piston area M ©= mass of gauge body 


= area of gauge body x = deformation of copper ball 


x, = piston displacement x, = gauge body displacement 
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From Fig- I-9: 


MPa = mx, + Kil(x, - x,) (I-53) 


Fron Fig. I-10: 


and 


mPA = mon - \m(x, - x,) (1-54) 


By definition: 


and (I-55) 
Combining Eqs- (I-55) and (I-54), substituting Eq. (I-55), and assuming P 
to be a function of time: 


mM eo Ma - mA 
+ P(t) (1-56) 


Equation (I-56) may be written: 


px+kx = 6 P(t) (I-57) 
where: 
—_ mM 
be ace (equivalent mass) (I-58) 
6 = = = a (equivalent area) (I-59) 


4s M— > © (rigid mounting), 


nn end Bier (1-60) 
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12. The Force Function, G(x) 


Copper spheres have been calibrated at UERL by measuring deformations 
produced by means of known weights dropped from known heights, i-e., measuring 
the energy E required to produce various deformations x. The force function 
is then given by: 


G(x) = a F(z) (I-61) 


It has been found empirically that over the initial region of deformation, 
the function E(x) is parabolic: 


E(x) = =x (I-62) 


G(x) = kx (I-63) 


From a series of calibrations (made Feb. 6, 1946) on spheres to be used 
on Operation Crossroads: 


5 
k = 1.51 x 10° 1b/ft ~64 
5/32 in. / (1-64) 


5 
k = 3.60 x 10° 1b/ft -65 
3/8 ine = 2 / (I ) 


In the case of the 5/32 ine spheres, the force function is linear up to 
deformations of about 0-05 ine or 1600 1b/in.* in a step wavee For the 3/8 in. 
spheres, the force function is linear to deformations of 0-09 ine or 7000 1b/in® 
in a step wavee Since the deviation from linearity is not very great in the 
region just above the values quoted, the systems can probably be considered 
linear, without appreciable error, to pressures of 2000 and 10,000 1b/in2, 
respectively. 


The data of Section 13 of this appendix give: 


wo = Vi/M 
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4 -1 
5/32 Fa 1.22 x 10° sec (I-66) 
4 -1 
5/8 oe = 1.82 x 10° sec (I-67) 
If ¥(0) = response (relative to step response) to an arbitrary 
shock wave having time parameter 0, 
A = piston area 
mo deformation of ball (in-) 
P = peak pressure (1b/in?) 
Ey 
ot I-68 
2a ¥(0) ( 
4 
P5/32 ane = 3.19 x 10 Ye) (I-69) 
ea ee 
Pp = 7-62 x 10 I-70 


15. Gauge Constants®) 


Constants for 5/32 in- Balls (Under water) 


M = mass of piston + ; mass of ball + spr 


13-9 + 00097 + 0-68 = 14-7 g = 1-01 x 107° slugs 


Piston area = 0.197 in? = 1-37 x 107° rt” 


Be. Constants for 3/8 in. Balls 


M = 13-9 + 1e3 + 0668 = 15088 g = 1.09 x 10m2 slugs 
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* * * * * * * * 


Summary. 


Spark photographs nave been taken of tne vertical movement of water produced by the 
explosion of a No.8 cetonatcr at 1 inch below the water surface in a model tank. 


Analysis of a drum camera "sChlieren* recora shows that the shock wave leaves the water 
surface with a velocity some 50 oer cent greater than that of sound. 


In order to throw light on the experimental results the transmission of shock waves 
through a water-air interface has been examined theoretically. Tne intensity of the shock wave 
in water has been evaluates from the velocity measurements and the effect of oblique Incidence 
has been studied. 


ae 


I. EXPERIMENTAL 
Introduction. 


Previous reports have veen given of the "dome" ana "plume" formation produced by the 
explosion of a No. 8 detonator in water, studied by means of a succession of onotographs taken 
at 1# milliseconds intervals, The initial vertical velocity of the water formation has been 
measured with a rotating Orum camera, a “schlieren™ technique being used to show that the shock 
wave leaves the water sutface at tne instant at which it begins to move upwares, This present 
report deals in more cetail with the movement of water and the accomoanying shack wave from the 
explosion of a detcnatot 1 inch deep. 


Experimental methods: Spark photography. 


with a detonator 1 inch dees the initial movement of the water surface is about 
1,000 ft./second - too rapid for tne emoloyment of the orevious photographic method having a 
oleture frequency of only 700 cictures/second., A number cf spark photograohs of the phenomena, 
i.e. movement of water surface and accomoanying shock wave, were tnerefore obtained at intervals 
of about 100 microseconds corresponding to a picture frequency of about 10,000 sictures second. 
The excerimental arrangement employed is shown in Figure 1 being tnat originally aevisea by 
Cranz and Scnardin. Soark 1 1s triggered through a thyratron by a diaonragm contact in the 
water near the detonator and the succeeding soarks are triggered In succession by suitable 
electric delay circuits. Spark 1 orovides the i}lumination for the record given by camera 1 ana 
soon; in this way up to nine shadow olctures can be obtained at intervals ranging from 2 to 
200 microseconds deoending on the characteristics of the delay circults, 


Drum camera record. 


The drum camera record of the water front and of the shock wave front was obtained by 
the "schileren® method described oreviously. 


Results obtgined. 


A selection of the soark phctographs ootainea are given in Figures 2and 3. Figure 2 
Shows successive stages in the water formation ana Figure 3 shows a later stage more clearly. 


WATOT cones 
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Water formation: 


In the early stages of the water movement the water rises to forma Shape somewhat 
similar to that formed when a oencil is oushed upwards into a Sheet of rubber from beneath. 
This formation is then oartially broken up by a rising soherical disturbance which an early 
arum camera record suggested might be hollow. It is believed that the shock wave first 
aetaches a surface layer of water ana flings It uowards and that the yas bubble then bursts 
through this layer. 


Shock wave: 


Figure 2 shows three successive stages in tne develooment of the shock wave, It 
first rises from the water surface in the for of an arc, then two straight Dranches develop 
and finally a thira wave develops where each straight brancn joins the central arce This 
bifurcation of the shock-wave is shown more clearly in Figure 3. The photograohs only show a 
section of the true shock wave formation, the true shape vejng a dome surmounting a cone, the 
whole formation being symmetrical about a vertical axis. 


The photograohic recora produced by the dome is denser than that given by the cone 
(Figure 3) inaicating that the dome is a more intense shock wave and Is moving at a greater 
sceeo, the pressure and soeed being oossibly greatest at the top of the dome. The dome thus 
becomes more prominent as the shock wave system develoos. The cone arises from the outward 
propagation of the exoloslon along the water surface. Thus if A and W are the velocithes of 
propagation in air and water resoectively then A/w= sina wherea is the angle made by the 
cone and the water surface on a vertical olane througn the centre of the explosion. A mean 
value of @ from several records is 13.8° giving W= 4.214. This is witnin 1 oer cent of the 
ratio of the velocities of sound In air and water: at 13°C (Smithsonian Tables) for sound 
& = 1,110 ft./ second and w = 4,730 ft./second giving W= 4.254. The reasons for the development 
of the bifurcation are not fully understcod. 


"Schliecron® record: velocity of shock wave; 


Figure 4 shows a drum camera “schlieren” record giving the initial vertical velocities 
of the top of the dome and the accomoanyiny shock wave, that is, the velocities of these 
@isturbances In an uoward vertical direction through tne centre of the explosion. It wil) be 
seen that the “schlieren* record igs curved. Measurement of this curvature Shows that the shock 
wave leaves the water surface with a velocity some 50 ver cent jreater than that of sound. 

Tnis matter is dealt with more fully in the following theoretical section. 


10k THEORETICAL 
Introduction. 


In this section an evaluation is made of the intensity and velocity of tne shock wave 
transmitted into air by a shock wave in water incident normally on tne free surface. The 
velocity of the surface is also obtained ano the results are compared with those found 
exoerimentally, The effect of oolique incidence is examined and It is founa that a simple 
reflection theory does not reconcile the experimental results for oblique ano normal Incidence. 


Theory. 


We consider only the case of a olane shock wave. The results should apcly to spherical 
waves or indeed to waves of any form since the effect of attenuation will be infinitesimal In 
comearison with the changes due to reflection and transmission. 


In plane waves of finite amplitude the changes taking olace may be regardeg (1) as que 
to forward prooajation of a quantity P = f(o) + v with velocity c + v ana backward Propagation 
of Q= f(p) — ¥ with velocity c - v, where 


oressure in the medium 


o = 
v = oarticle velocity 
¢ = velocity of sound at point cansiderea 
1 (a )2 : 
f(p) = = (22) 40, i.e. Riemann's Function. 
p ‘3p 


Py 


We snall ceces 


937 
-3- 


we shall treat the shock wave in water as a wave of finite amolitude ana neylect the Irreversible 
heating at the shock front. 


A shock wave in water of intensity po, and particle velocity vy strikes normally on the 
alr water Interface. Immediately afterwards tne cressure and particle velocity at the interface 
are o. and v, wnile a shock wave of intensity co, ang carticle velocity v, has set out Intc the 
air. The law cf propagation cf tne quantity > then gives us 

AG 5 Up a UC) Ss ah (1) 


In shock waves the carticle velocity immediately behind the front is a function of 
pressure so that we have two further relations 


dy (0,) (2) 
d, (c,) (3) 


where © ana ty are the aporooriate functions for water and air resoactively. 4, (0) and f(o) 
for water have been comruten by Senney and Dasgucta and tabulated C » For air ano for pressures 
not exceeding about six atmosoheres ¢,(c) \s the well known Hugoniot formula which has been 
tabulated by Taylor 3), With the aia of these tables ana equations (1), (2) and (3) the values 
of Dy and v, may be found for a given value On* Table 1 shows the results together with , and 
Us the velocities cf the shock waves in water | and air ressectively. The tadle was constructsa 
assuming a temperature of 20°C, ana a pressure of one atmosohere. Pressures are absolute, not 
excess over one atmosonerc. 


Pa 
atmospheres 


Comparison with eri t. 


If the water velocity Vv, or the Intensity or velocity of tne air shock wave Is known then 
Table 1 enables us to determine. the Intensity y of the shock wave in water. A Curve has been 
given showing the velocity with which the water Surface moves when @ No. 8 dstonator is exologed 
beneath It at deotns from one to elyht inches. The present caper contains a recoro Figure 4 
from which the velocity of the transmitted shock wave can oe obtained when the detonator is ata 
depth of one inch. Measurement of this record gives the following figures. 


Distance cf wave from water surface he tt de 


Velocity of nave in fu secon ra oer (Sea a ea 


The intensity of the shock wave in water froma No. 8 detonator basco on the water surface 
velocities is shown in Figure 5. It falls off mucn more rapidly than the reciorocal of the 


distance sees. 
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aistance. At a distance of 1 Inch the Intensity is 20.6 tons/sq.in. The figure derived from 
the velocity of the shock wave Is much lower, being only 14.2 tons/sq.in. The ‘reason for this 
discrepancy is not clear, but it seems that the value based on the shock wave velocity entalls 
fewer assumptions about the machanism involved and is the more trustworthy proviced the measurement 
of this velocity is sufficiently accurate. We have assumed that the drum camera records give 

the initial velocity of the surface but it is not certain that this Is the case, it seems 
probable that a layer or scveral lay2rs break away from the water and are orojected uowards. 

{f the first layer is very tnin Its velocity snoulg be v, as given in the table but the thickness 
depends on the tension at which cavitation occurs, while the tendency of the water to break up 

intc dropists may also affect the measured velocity. 


The effect of oblique incidence. 


A simple tneory based on yeometrical reflection of the oressure wave as an equal tension 
wave shows that for an angle of inciaence @ the surface velocity Is v4 COS @ where v_ is the 
velocity for normal Incidence. The velocity of the water surface for angles of Incidence 0° 
to 60° is obtained from Figure 2. Dividing these values by cos O we get V, as a function of 
distance from the detonator, Im Figure 6 these values are shown and it aocears that the values 
of va deduced from the oblique reflection are considerably higher than those derlved from normal 
Incidence, 


The reason for this discreoancy as also for the different intensities aerived from water 
velocity and shock wave velocity is not apparent. The ohenomencn of the rising water surface 
may be more comolex than was supposed, Careful observation of the drum camera record for a 
detonator at 1 inch depth shows that the water surface Immeaiately above the detonator Is 
strongly decelerated for the first inch or so and then malntains a more or less constant speed 
or may sven be accelerat2d, 


References. 


(1) Lano's Hydrodynamics, uth Zoition, Ch. 10, 2.497 


(2) "Pressure=time curves for sud-marine explosions (Second paper)" by 
WeG. Penney and H,K, Dasyuota. 
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explosion of a No. 8 detonator at ine below the water surface in 
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Fig. 4 


Drum camera record Showing curved 
Schlieren” record 


eren" record 
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Summary. 


A shock wave in water gives rise, whenever it meets the free surface, to a shock wave 
in the air. Tne case of normal incidence was aiscussed elsewhere (1), In the present note the 
calculations ars extendsa tc an aif shock wave oressure of 100 atmoscheres, and ars ussd to 
evaluate the pressure near woz. charges of C.E. from excerimental gata 2), These pressures 


are comoared with theoretical values 3), 


nn ee EE EEE DEINE EEEEEEEEnE 


In a previous investigation (1) the evaluation of the intensity cf the transmittsa air 
shock was not carried above & atmospheres, since the oerfect gas equations there cease to be 
agolicable. The work has now been extended to 100 atmospheres on the basis of the data yiven 
by Penney ana Davies for shock waves in air at N.T.%, In cerfect gases carticle and shock 
wave velocities are prooortional to the square root of tne absolute temoerature of the 
undisturbed gas, Now althougn air at oressures aDove 6 atmospheres deoarts from cerfection the 
discreoancies in oarticle and wave velocities do not exceed 2.5% even when the oressure is 
100 atmos cheres, and in Consequence it has Deen assumed that for shock waves in air at Te 
absolute, the velocities may be found quite accurat2ly from those given by Fenney and Davies 
by multiplying by a 


Table 1 shows the results so derivea for transmission from water at 20°C. to air at 
N.T.°. and to air at 20°C. ana one atmosohere oressure, Differences of water temperature are 
likely to be less imcortant than differences of air temperature since the effects on density ana 
elasticity are much smaller in a liquid tnan in a gase 


Some measurements of tne shock wave and soray velocities above a water surface when 
4 oz. of C.2. were exoloded benesatn it nave been Given 2, and from tnese the cressure in thé 
water shock Wav2 may be Inferred witn the nelo cf Table 1. Both velocities usually fall off 
rather rapidly so that it is difficult to extracolats back to tne initial velocities with much 
accuracy, but on the basis of these 2xtracolated values the ooints in Figure 1 nave be2n obtained, 
There isa difficulty about tne records taken at 2 incn deoth. The otner recoras show the shock 
wave moving ahead cf the soray but at 2 inch death it cannot be distinguished seoarately. It 
is ocssiole that the soray is moving faster tnan the shock wave but there is no evidence of this 
and it scems best tc assume that the two velocities are equal. A Single velocity measurement 
at 2 inch decth thus yields two water pressures; the higher value being obtaineo when the 
measured velocity is intergreted as soray velocity. it is difficult to see how tne water 
surface can be in front of the shock wave unless the scoray travels much fast¢r than tne surface 
from which it was formed or the snock wave is the more radidly aecelerated. 

Penney and Oasgucta 


(3) have jiven a formula for the water shock wave oressure near T,N.T. 
an exolosive about 5% less effective in oroducing oeak pressure than C.£, They have assumed for 
T.N.T. a Cnemical energy release of 800 cals./ym, but suggest that 1000 cals./ym. would be a 
better valuc. Te cotain from their results the oressures near C.£., the cressures for oz, 
T.N.T. were calculated from the formula of (3) and then increased in tne ratio 1.05 x 
The Calculated values are shown in Figure 1 Tnere is reasonable agreement vetween tne 
calculated cressures and those deauced from the velocity measurements at 4 inches and 6 inches 
but at 2 inches there Is a consiazrable divergenc= escecially if the measurea velccity is 
interoreteo as surface and nct shock wave velocity. A oossible source of disagrzement between 


theory eecoe 
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theory and experiment Is the fact that close to the charge the shocx wave is by no m2ans 
spherical as assumed in the thecry but concentrated along the colar axis ana equatorial plane 
cf the charge, possibly giving pressures in both of tnese directions higher than if the wave 
had been uniform 


TABLE 1. 


WATER AT 20° TO AIR AT 20° WATER AT 20° TO AIR AT 0° 


Water Shock Surface Vel, of hir Water Shock | Surface Vel. of 
vel. air shock shock vel. air shock 
atmos— 
tons/sq.in. ft./sec. | ft./sec. soheres tons/sq.in. | ft./sec. ft./sec. 


References. 
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& Charge axis vertical 


© Cherge axis horizontal 


Filled in points are derived 
from spray measurements 


WATER SHOCK PRESSURE - Tons / sq_ in. 


DEPTH OF CHARGE BELOW SURFACE- Inches 


Fig. !. PRESSURE AT WATER SURFACE IMMEDIATELY ABOVE 
CHARGE OF 402. CE. 
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THEORY OF PEAK PRESSURE AND TIME CONSTANT DETERMINATION FOR SHOCK WAVES 


BY THE METHOD OF OPTICAL DISTORTION 


R. R. Halverson 


A theory has been developed for several sets of experimental conditions designed to 


measure the peak pressure of shock waves by the method of optical distortion. For one of 
these experimental arrangements (1 below), a method has also been developed for calculating 
the time constant. Since this arrangement has had considerable success experimentally, it 
will be discussed in detail. 


ve 


Grid e enter of charge; ch off to the side; herical shock wave 


To study the distortion of light rays passing through the high pressure region 
behind the shock, an experimental arrangement as diagrammed in Figure 133 was used and 
the theory developed is based on these experimental conditions. E is the charge producing 
the shock wave S to be studied, C is the camera lens, F is a flash charge and G is a 
lucite sheet marked off in a wniform grid of 1/4 in. spacing. The grid is so placed 
that the grid lines intersect the shock wave diagonally in the portion of the shock 
studied. Two typical intersecting lines are shown in the front view in Figure 133. The 
charge was placed in the plane of the grid, and the line perpendicular to the grid 
passing through the center of the camera lens intereected the grid a short distance 
behind the shock, approximately 5% of the radius. 


In the system of Cartesian coordinates shown in Figure 133 the position of the 
center of the camera lens is defined at (Xo5 Yo Zo). On the assumption that the grid 
acts as a source of diffuse illumination, a ray whose reverse path is the vector 
M from the camera to the shock front is considered. The intersection of this ray with 
the shock front is defined as (x,y,z). If there were no distortion, the ray would con- 
tinue along the line £ M and strike the grid at (x", 0, 2"), but actually the ray follows 
some curved path P determined by the decay characteristics of the shock and strikes the 
grid at the point (x', 0,z'). Knowing the actual distance from the charge to a uniquely 
defined point on the grid, one obtains the radius of the shock wave from the photographic 
print by reference to this point after the scale factor of the print is determined from 
the undistorted part of the grid. The coordinates of the camera are also obtained by 
reference to this point. On the photographic print, the points (x", 0, 2"), and 
(x', 0, 2") may be located, the latter being obtained by extending lines from the un- 
distorted part of the grid until they intersect behind the shock, 


(a) Peak pressure determination. -- As a first approximation, an average pressure may 
be calculated by assuming a step shock wave, that is, a constant pressure behind 
the front. With this approximation the curve P is replaced by the vector N 
(Figure 133) from Gye) to (x',0,2'), and the step pressure calculated is, to 
this approximation, the pressure in the decaying wave on the spherical surface 
centered at E and passing through a point on P at which the tangent of P is parallel 
to N. We define this index of refraction or pressure for a given intergection of 
grid lines as Ray OF Pay» respectively. 


A very simple derivation of the index of rafraction_corresponding to this 
average pressure as a function of the distortion vector D, (the vector from 
(x",0,z") to (x!,0,z") for the given ray M,) and the geometry of the experiment 
can be given:in the system of coordimates discussed above. We are given 
¥e Zo)» (x",0,2"), (x',0,z') and R , the radius of the shock wave, The 
point txey,2) is readily obtained as the intersection of the line joining 
(X5,Yox%0) and (x",0,s") with the sphere of radius /RI . 


The following vectors are defined. 
p=xi+yjt zk, 
H = (x-x9)4+(y-y,) Jt (2-29)k, 
i = (x®=x)4+t (O~y) j+(2"-z)k, 


66 15518 
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Top view 


Photographic print 


(0,0,0) = 


Front view 


Fig. 155, Experimental arrangement for optical distortion study. 
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N= (x'-x)4+(0-y) j+(z'-z)k, (II-1) 
De=N- MW = (xt-x")it(z!-2")k 
s DyitDzk. 


The magnitude of all vectors and distances is to be taken in units of {RI , 
i.e., Ipl ‘sl. 


Consider the following cross-product relations. 


= - 
=q sin 0, 
il : (II-2) 


re =q sin @!, 


where q is a unit vector perpendicular to the plane which contains ii, Dp P, Wi and 
D and © and 6! are the angles of incidence and refraction respectively in this 
plane. This is not necessarily the plane shown in the top view in Figure 133, 
Applying Snell's Law, 


sin@® . Day 
sin 6! n Aue 


° 


where ngy is the index of refraction corresponding to the average pressure p v, 
and is the index of refraction of sea water at zero pressure, we obtain the 
relation, 


ibe ot (11-3) 
[uly : 

From the last of (Eqs. II-1) 1 

Dxp . ep - = as 
IN - i ; ae 
Dxp = ra (3 i Aut) Ikp, (11-5) 


or using (Eq. II-3), 


[NI 
which may be written, 


tit( 3-~Hhr) Goren) = 2a 
(3 


(II-5") 
l Zui = 
i‘ - _) (Yox-xoy) = Dxy, 
Ory 
1. - iM Dy + Low 
po ™ “Gy -y,2) [NT (11-5") 
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The distances {MI , It and £|MI can be readily obtained from the coordinates 
(xy¥5Z)y (XosYorZo)y (x',0,2"), and (x",0,2"), Although two values of the index of 


refraction can be obtained from each distortion, they are not independent, and in 


general because of the coordinates chosen and the experimental arrangment used D, 


was too small to be measured. 
Given v from the above and ny for sea water, P,. can be obtained by 


applying the relationship between the index of refra®tion and pressure for water. 
This relationship is discussed later. 
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Since the computational method outlined above is somewhat lengthy, a more 
direct method, again assuming a step shock but taking advantage of the planar nature 
of the problem, was used in the actual calculations. The determination of the 
"optical plane", that containing XM, Pp, N, D, E and C, is very simple when the charge 
is in the plane of the grid, for, in this case, the intercept of the optical plane 
in the plane of the pric contains D and E. Knowing the projection of the camera on 
the line containing D and E, and the perpendicular distance d of the camera from it, 
the optical plane is determined and can be represented as in Figure 134. The 
distance IRI to which all other dimensions are referred is obtained as described 
above. r! and D, are obtained directly from the print as above, whereas d and s 
are obtained from the known position of the camera relative to the grid. To derive 
the index of refraction from the distortion of the ray M in terms of these measure- 
ments using the symbols shown in Figure 134 the following relations are used. 


tang = eee (11-6) 


where Bp may be positive or negative, and since /R/ =1, 


cos (6,8) ar! con : (II-7) 


Then using the law of cosines, 


fiul = 1+rt2-2rt cos £, (II-8) 


It can be shown, using the law of sines, that 


D 
see $ . - cos 8 aes 


On applying Snell's Law, 


= —Sin @ = @ (II-10) 
v sin © sin (0- ‘ 
Day sin 06 -1| + cos 9 pte | 
eS a a (11-11) 
n sin ®@ =- cos © tan 


re) 
where @ = 90° - (6, oa) 


In order to convert nay to pay, data on the pressure coefficients of index 
of refraction for water are required. 


Data were available for fresh water, and were assumed to hold for salt water 
as well. This assumption is felt to be valid to within a few percent as is 
indicated by some preliminary calculations. In Table VII the available data on 
the coefficients a and b in the equation, 


n(p) -n, = ap - bp? , (II-12) 


are given together with the source of the data. For the calculations of Pay 
concerning a specific point, Eq. (II-12), of course, becomes 


Day 7% = 2 Pay b Pay’ 


The type of film used in the experiments studied was Contrast Process Ortho, 
which is sensitive in a narrow range of wave length centered around ca. 4800 A.U. 
In order, then, to correct nay to pay it is necessary to obtain adiabatic values of 
a and b for a wave length of 4800 A.U. and for the proper temperature. The iso- 
thermal value of a was taken from the data Rontgen and Zehnder for a wave length 
of 5890 A.U. and the proper temperature for the given experiment. It was then 
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corrected for wave length from the data for various wave lengths of R&ntgen and 
Zehnder, assuming the difference due to wave length is independent of temperature. 
It was then corrected to the adiabatic coefficient from the data of Raman and 
Venkataraman, assuming again that the difference between the isothermal and adia- 
batic a is independent of temperature. The value of b was taken directly from the 
isothermal data of Poindexter and Rosen by interpolating for the proper wave length. 
It was assumed independent of temperature. The error in b can be of the order of 
30% and still make an error of only ca. 3% in the calculation of tha pressure in 
the range of pressure studied (ca. 17,0C0 1b/in.2). 


Table VII. Coefficients a and b in 
n(p) = ny = ap -bp~ for Pure Water 


t (°C) Wave Length a x 10° b x 106 Type of Source 
(A.U.) (per atm.) (per atm.) Pressure Change of Date* 
-0.78 5890 16.91 - Isothermal R and Z 
0.06 n 16.87 - n " 
0.42 " 16.78 - n f) 
1.05 a 16.68 z " n 
2.62 ud 16.51 Ei a n 
2.67 WY 16.52 = " f 
2.92 2 16.48 - " " 
3.10 " 16.44 = n a 
4.95 n 16.26 - 0 r) 
8.95 " 15.87 - n ® 
9.00 " 15.91 - r) a 
13.05 t) 15.56 - 8 " 
13.28 0 15.56 - " " 
17.83 " 15.26 - ® 8 
18.01 " 15.26 - " " 
18.03 n 15.25 - ® 8 
23.27 " 14.97 . ® 8 
23.1 " 14.98 - n R and V 
18.0 4861 15.40 - " R and Z 
18.0 6807 15.16 - n ® 
25.0 4,060 15.02 .003182 a P and R 
25.0 4360 14.65 2002700 ## z \ 
25.0 5460 4.75 003132 . , 
25.0 5790 14.56 2002990 . A 
23.1 5890 14. - Adiabatic R and V 


* Rand Z-W. C. Rontgen, and L. Zehnder, Ann.d. Physik (Wied.) 44, 24-51 (1891) 
,(low pressure study). 


R and V - Sir Venkata Raman, F.R.S., and K.S. Venkataraman, Proc. Roy, Soc. (London), 
171A, 137 (1939) (low pressure study). 


Band R - F. E. Poindexter and J. S. Rosen, Phys. Rev. (2), 45, 760(A) (1934) 
(pressures up to k800 kg/cm2). 


##* This datum seems out of line with the rest. 


The peak=pressure of the shock wave was then paleulated from several values of Pay 
in the following manner. The assumption was made that pay calculated from a given 
intersection of grid lines with a given value of r' was the pressure existing in 
the decaying spherical shock on a spherical surface of radius 
ii 
Tay" [RJ + (r Dr) ! 
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the average radius vecter for the vector N. Pay Was then plotted against JR] -r 
(see Figures 108, 109, 110 and 111) on semi-log paper. Within experimental scattsr 
the points fall on a straight line which was extrapolated to |RI - r,y = 0, 

that is, to the shock front. The pressure at this point was taken to be the peak 
pressure of the shock wave. The error in the assumption as to what value of r,y the 
value of pay applies should go to zero in the limit, (RI =r,, = 0. 


(i) Tee of Measurement. Before the shot, the perpendicular distance from 
the camera lens to the grid was measured. A cross was marked on the lucite 
grid at the foot of this perpendicular, and the distance s (Figure 134) wa 
measured from the center of the charge to the cross. An additional cross 210/ 
was marked on the lucite grid on the extension of the line joining the charge 
and the first cross about 4 in. (measured accurately) beyond the first cross. 
This second cross was placed so as to be ahead of the shock wave, and thus to 
appear undistorted in the final picture. It was from this measurement from 
the charge to the second cross that the radius of the shock wave was deter- 
mined on the final photograph. The illumination was provided by a flash charge 
for which the firing was delayed by means of primacord from the firing of the 
charge which produced the shock wave to be studied. 


The measurements were taken from prints of the original photograph. With a 
scale factor for the print determined from the undistorted part of the grid, 
the charge position was determined from the experimental measurements refer- 
red to the crosses marked on the grid. By use of this as a center, the shock 
front was drawn in on the print as a circle whose radius was such that it 
passed through the breaks in the lines of the undistorted and distorted parts 
of the grid. Several of the undistorted lines were extended behind the shock 

ont giving intersections which are called "actual" intersections to which 
correspond the "apparent" intersections seen behind the shock. There was no 
difficulty in assigning any given actual intersection to an apparent inter- 
section. Through each pair of intersections a radial line was drawn from the 
charge position, and was extended to intersect the shock front. This is the 
intercept of the optical plane in the plane of the grid. The distances r’ 
and Dy (Figure 134) can be measured directly on this line. R , the radius 
of the shock front, was obtained on the print by reference to the crosses 
marked on the lucite grid. The distance d is obtained by measuring the 
perpendicular distance from the cross to the intercept line and using this 
measurement together with the experimental measurement of the distance from 
the camera lens to the lucite grid. 


(b) culatio: ocedure for Time Constan onent: Decay Constant with Dis C) 
eh: ont). The path of a ray of light in a non-homogeneous medium has been 
treated very thoroughly by Richard Gans (see e.g. Handbuch der rimental 
Physik, Volume 19, p. 341 ff. and Ann d Physik (4), 47, 709 (1915) ). From his 
derivation based on Snell's law (see reference to Handbuch der Experimental Physik) 
for a medium in which the index of refraction is a function only of r, the radius 
in plane polar coordinates, the following differential equation is obtained for the 
path of a ray of light: 


Dp IRI sin i, dr 


dg = ’ (II-13) 
r ex - Dy” IRV sin® is 


where ¢ is the polar angle, (Rl is the radius of the shock front, r is the length 
of the radius vector to any point on the path, i, is the angle made by the ray of 
light and the radius vector to the point, r= (Ri , 6 = 0 (see Fig. 134). ¢ is 
measured clockwise from the point of entry into the shock wave of the reverse 
vector HM (Fig. 134) for the ray of light studied. In Fig. 134 Sg, the polar angle 
at the grid, is shown. Dy is the index of refraction at r = |RI, and n is the 
index of refraction at r. 


10/ The second cross is not necessary if the position of the first cross is corrected for 
optical distortion. 
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The method used in determining the time constant of the shock wave was to 
express n as a function of r in terms of the parameters of an assumed exponential 
shock wave (exponential with distance behind the front), the peak pressure and time 
constant. This may be done by writing p in Eq. (II-12) as a function of r, 


( IRI - r) 
Pinney : (12-14) 
where @,, is expressed in units of length. 
Substituting p from Eq. (II-14) into Eq. (II-12) gives 
( IRI - x) ae —5 
n(p) = 29 5 8Pnag ®@ Op - bp sex & = » (11-15) 


where n, (the index of refraction at zero pressure), a, and b are functions of the 
temperature for a given type of film, and is the pest pressure for the given 
shot as datermined by the method outlined in s Appendix I AE 


This function of r is then substituted for n in Eq. (II-13). In Eq. (II-13) 
Dg is obtained from Eq. (II-15) by putting r = (RI. 


Eq. (II-13) is a function of the given ray of light on a given film, that is, 
of the pair of intersections (apparent and actual) of the pair of grid lines studied, 
because of the explicit presence of the angle i,. This is obtained for each pair 
of intersections by the following equation: 


Bin to = % P (11-16) 
sin @ Dg 


where the angle @ (Fig. 134) is obtained for the given point (that is, for the 
given pair of intersections) in the calculation procedure for Pay for that point. 


Thua all the parameters of Eq. (II-13) are determined except @,. Some general 
discussion of this equation is felt to be necessary. A statement of Snell's Law 
for spherical symmetry, in which case the path of a given ray of light, as was dis- 
cussed previously, lies in a great circle, is given by the following: 


Dp (Risin i, = nr sin i = 6, (II-17) 
where i is the angle made by the path of light and the radius vector r to a given 
point on the path, and n is the index of refraction at ra for some given @, in 
Eq. (II-15). Then in Eq. (II-13) the denominator vanishes at the point of total 
reflection, that is, at the point where sin i = l. 


The right hand side of Eq. (II-13), from physical arguments, has a finite 
integral from r = {R/ to r = rpiy - € where, 


Trin.2(Tmin-%,) = Bp IRI sin ip . (II-18) 


By making € sufficiently small, the integration can be carried up to within an 
infinitesimal distance from ryjne Then since the path of light is symmetrical 
about the radius vector of length rmin, the whole path is know from the point 
of entry into the shock wave to the point of exit from the shock wave. 


The first step in the calculation of 9, is to determine Oy jn where 
(rc! - D,).n(r" - Dy,@pymin) = Dp IRI sin i). (II-19) 
Physically @, | is the lowest value of the exponential decay constant which will 


allow the wes of light studied to get as far into the shock wave as the point 
at which it is observed to strike the lucite grid, that is, atr =r! -D, (Fig. 134). 
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The procedure, then, for determining 9. for a given point on a given film is 
to choose several values of @,. ®, min and ¥o calculate pinta 1 0.) by numerical 

, , 
integration. 


rt =D, n, \RI sin 4, adr 
(II-13a 
toa 8. = 
é(r Dy, ®r) i eUnt et = a 2nl* sine 1, , 
R 


where n is given as a function of @, and r in Eq. (II-15). g is then plotted against 
@, and r in Eq. (II-15). é is then plotted against 0, at the value of r' - D, deter- 
mined by the point studied. ¢ can easily be shown by physical arguments or by 
mathematical considerations to be a monotonically decreasing function of @,, The 
value of @ giving a value of § = gg (Fig. 134), that is, that value of ¢ obtained in 
the course of the calculation of p.. for the given point, is taken as the correct 
value of @,. for the shock wave as determined by that point. If no value of 0, @. 
gives a value of ¢ as large as g,, the ray of light studied is assumed to have paakedn 
through the point of total reflection after it left the diffuse light source, the 
lucite grid. In this case (Eq. II-13a) must be replaced by 


aa '-D,. 
d(et-aayeeye n, \R)sin 4, dr n,\RI sin 4, dr 
IR 


+ 
{7 (n22-n, (aI Zin, rain t n*r“enp* |B“ sin“l, — (II-13b) 


Again the integration is carried out numerically. In the numerical integration 
near r_,., the intervals chosen must, of course, be very small, Again a plot of ¢ 
ve. @, is made, and @, is then determined for the given point as that value which 
givesag= 6, for that point. 

Values of @, are calculated for several points ona given film. The tacit 
assumption has been made that @, can be a function of the value of r' - D, for the 
point for which it is calculated. The conversion of this exponential decay constant 
with distance behind the shock front to an exponential decay constant with time 
behind the front is discussed below. 


Calculation Procedure for Time Constant onential Decay Con with T 
Behind Front). In the conversion of 0, to 6, the exponential parameter in 
apes 
Ot 
Por, (+) * Puax ° , (11-20) 


@4 is assumed constant, but the possibility is admitted of dependence of @, on 
the value of r' - D, for the point for which @, is calculated. Py (t) is the 
pressure that would have been recorded by a piezoelectric gage at time t after 
the passing of the shock front of peak pressure Pax. P (r) is the pressure 
at t = o and at a distance ( [RJ - r) behind the shock f#OAt of pressure p,.. and 
radius |RI. That is, 

( {Ri =r) 

®, 


Po.p, () = Pus® (I-21) 


Q, can be a function of r if it is necessary to make Eqs. (II-20) and (II-21) 
compatible. 


The assumption is mace that 6, changes very little with|Rlover distances of 
length of the order of 6. Under this assumption, the decay of p with (R| will 
follow the same law as the decay of p(r) (where r = (RI - C and where C isa 
constant distance of the order of magnitude of @,) with R. That is, since for a 
given weight of some explosive, 
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(IRI, ) | z 
Paax Il & 2 ) 
———- * (II-22) 
Prax (IRI 2) RT, x 
where wl is a function of the kind of explosive, then 
P rot 
SB Een (i)! = ( 2 F (11-23) 
Pop, (7) TRI 


where the relation |R) -r = ct.exists, in which c is assumed to be a constant, 
ca.0.0645 in./ sec, for the pressures studied. 


Elimination of p (t) and p 


(r) among Eqs. (II-20), (II-21) and 
(II-22) and rearrangibe leads to De “ 


a 


1 trl 
a* pfte 4 


The value of r in Po (r) is taken for a given point which resulted in a 
given @, as r' - D, Be that point. The value of & is obtained from piezo- 
electric measurements at various values of |Ri and W (weight of explosive), 
that ts, from a peak-pressure similarity curve for a given explosive. It can 
be taken as unity with little resulting error in 6. It is found by solving 
Eq. (II-23) for @, that the dependence of @p on r for a given 6; is not great. 


© 
co 
n 

ole 


(II-24) 


An alternative method of deriving an equation to convert 8, into 04 which 
is in essential numerical agreement with Eq. (II-24) has been suggested by 
Professor J. G. Kirkwood. Here @, and @ are defined only at the shock front as 


1 = (22¢ for r = [RI (11-25) 
8, r t 
and ) 
i nae (4e2) for r = [RI at t = 0. (I-26) 
r 
If the logarithmic peak pressure vs. distance curve has a derivative @ 108 Puex , 
then, exactly, aR 
eee Prax < 910 + a log p \ 
a {RI r 6 > t (1II-27) 
r 
r= )RI r= [RI 


where c is the shock-front velocity at peak pressure Pyax. By using Eqs. 
(II-25) and (II-26) and rearranging, Eq. (II-27) becomes 


iv A pee Mee See Bot ps 
= 4 ETE (11-28) 
@,. a IRI 


For a given weight of explosive, 


Pax” SE (11-29) 


where P is a constant depending on the weight and kind of explosive. Then, 


15 155i8 


(a) 


957 


, (II-30) 


and thus, 
=i ee (II-31) 
[RI 
This latter treatment is a more direct approach, but in neither case is the 
variation of 0, with IR] stated. This is not an important factor however, Eqs. 


(II-24) and (II-31) are very nearly equivalent numerically, and in the applications 
Eq. (II-24) will be used. 


Possible Errors. The most apparent source of error in this method of measuring 
peak pressure and time constant is the possibility of mechanical distortion of 

the lucite grid by the impact of the shock wave. Preliminary measurements on the 
velocity of sound in lucite indicate a value of approximately 6.0 ft./msec. Thus 
the shock wave started at the center of the edge of the lucite grid travels faster 
in the lucite than the shock wave in the water, and the possibility for mechanical 
distortion of the lucite grid at the time of the photograph is increased. 


Measurements on the photographs of the two shots reported in Sec. III, 3, a 
indicate that such mechanical distortion as well as lens distortion is very small, 
however. If the grid lines ahead of the shock are extended far behind the shock 
front, they coincide within drawing errors, with the apparent position of the grid 
lines in this region of "zero" optical distortion. Since the "direction" of the 
displacement due to optical distortion is the same as that due to mechanical 
distortion, that is, away from the charge, this result indicates a very small 
mechanical distortion. Also the fact that the edge of the lucite grid tovards the 
charge appears as a straight line in the shot photographs indicates no mechanical 
distortion of the lucite grid in the interval between the time of impact of the 
edge of the grid and the time of the photograph. It should be mentioned that the 
curved contour at the left of the grid photograph (Fig. 107) is not the edge of 
the grid, but rather the edge of a paper diffusion screen behind the grid. The edge 
of the grid is the line in which the diagonal grid lines terminate. Although there 
may be some slight curvature to this line in the photograph published, the line on 
the original print from which this print was made is as close to a straight line as 
is measurable. Thus mechanical or lens distortion is felt to have little effect on 
the results obtained by the optical-distortion method. 


Another source of error is in using the index of refraction-pressure coefficient 
measured in fresh water for the studies of pressure and time constant in salt water. 
Preliminary calculations based on the assumption that the difference in the index of 
refraction between fresh and salt water at high pressure is the same as it would be 
at zero pressure but at the concentration of salt per unit volume that the water 
would have at the high pressure have been made. These calculations indicate that 
the error involved in the assumption that the index of refraction-pressure coefficient 
is independent of the salinity is of the order of 2.5%. The direction of this error 
is such as to make the calculated pressure too great. The data necessary for these 
calculations on the effect of salinity are from a report by E. A. Brodsky and J. M. 
Scherschewer (Z. Phys. Chem., B, 23, 412 (1933)). 
= 

The possibility of error in the assumption that Snell's Law of Refraction holds 
in a non-homogeneous medium also deserves some consideration. Gans (Ann. d. Phys. 
(4), 47, 709 (1915)) studies in detail the case of refraction of a linearly-polarized 
light wave in a non-homogeneous medium by use of the electromagnetic-field equations. 
He assumes that n = Ve » Where n is the index of refraction of the medium and € 
ig the dielectric constant. This relation, of course, does not hold for water. He 
shows that under these assumptions Snell's Law holds over most of the light path, but 
very near the point of total reflection the ray of light deviates from the path 
predicted by Snell's Law and undergoes an angular discontinuity, "knick", at the 
point of total reflection. A short distance beyond the point of total reflection, 
the path again coincides with the path predicted by Snell's Law. 
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It is felt that this deviation from Snell's Law is not important for the case 
of non-polarized light in water. However, in order to make a quantitative statement 
as to the amount of possible error, a further analysis would have to be made. 


An experimental argument for the assumption that this deviation from Snell's 
Law is not important for the case of the shock-wave study in water is that, in 
several calculations of the time constant based on rays of light which are observed 
to strike the lucite grid at varying distances from the point of total reflection, 
no systematic trend can be detected with the distance of the point of observation 
from the point of total reflection. 


Sample calculation of time-constant, -- As an example of the time-constant 


calculation, the data for Point 22, Film 536 (Fig. 111) will be developed. 


The first step is to obtain nas a function of r for a given film. The data 
necessary for this are given in Table VIII which shows data from film No.'s 536 
and 537 for comparison. 


Table VIII Constants Necessary for Ea, (II-15) 
Film 536 Film 337 
Kind of Film Contrast Process Ortho Contrast Process Ortho 
Temperature 21.3° C. 17.1° C. 
a 14.94 x 10-6 per atmos- 15.18 x 10-6 per atmos- 
phere phere 
b 001578 x 10-6 per atm.2 001578 x 1076 per atm.2 
Do 153435 1.3444 
{RI 15.97 in. 15.99 in. 


17,050 1b/in® = 1,160 atm. 17,050 lb/in® = 1,160 atm 


When the proper values of n,, a, b, and Pnax from Table VIII for Film 536 are 
substituted in Eq. (II-15) it becomes 


n= 1.3435 + .017328% (17x) - .002122866 ~ (=x) (11-32) 


where 
x= am = = 
(Ri RI 
since throughout all calculations, measurements in units of [R{ were used. 


Then, since for any pair of intersections, 
sin i, Qo 


sin @ DR 


from Eq. (II-16) 7 sin ig = ny sin @, The value of n, is known for a given film 
(Table VIII) and sin @ was found for each point in tho calculation for Pays Thus, 
for Film 536, Pt. 22, np sin ig = ny sin @ = (1.3435) (.93154) = 1.25152. 


Substituting for n and for np sin ig the values obtained in the preceding 
paragraphs, one obtains the differential equation of the path of the ray of light 
considered at point 22, 
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il & 


(II-33) 


= 


This equation is then integrated numerically by use of Gregory's formula (see e.g. 
the Mathematics of Physics and Chemistry by Margenau and Murphy, D. van Nostrand Co. 
1943, p. 459) from 


-0.00212286 


1.3435 - 0.0173284 - (1.25124) 


=t=Ds 
x=ltox= = 0.92429 
IR! 
(for the point) for several values of Y greater than 


@, min 
IRI 
The results of these integrations are given in Table IX. 


Table IX fopiis of Thiegotio tee ¢ ase Cansaien of. 
Value of fg as Obtained in Calculation for Pay is 


0.1835. 


0,4078 Radi Point a: 6). 
¢ 
We (radians) 
0.184 0.3813 
2195 23671 
2230 23528 


The data in this table indicate that there is no value of } that will give a 
value of ¢ as great as ¢,. Thus, it is assumed that the ray of light considered 
for this point has gone ough the point of total refleetion after leaving the 
diffuse source of light, the lucite grid. For each of the three values of - 
then, the value of r,43, was calculated (Eq. (II-18)), amd the numerical iptegration 
of Eq. (II-33) was carried out in two steps, first, from x = 1 up to x = EXE 
and then up to x-= 0.92429. The results of these integrations beyond the 

point of total reflection are given as a function of prin Table X. 


Table X Results of Integration for 9 Beyond Point of Tot eflection. 
Value of fg as Obtained in Calculation for p,,, is 0.4078 


ii i = 
am t 
_(radians)_ 


0.184 0.3907 
0195 4061 
«230 04232 


A plot of these results is given in Fig. 135, from which the value of ¥ to give 
a § = gg = 0.4078 radian is found to be 0.197. 


Since the value of (R{ for this shot, Film 536, was 15.97 in., Op is obtained 
as 0.197 x 15.97 = 3.15 in. : 


To convert this to a value of 04, use is made of Ea. (II-24), where c is taken 
as 0.0645 in, [lass ot is taken as 1.23, IRI is taken as 15.97 

in., and r is the value of r' - Dy for Point 22, Film 536 (=0.92429 x 15.97 = 14.76 
in.). This leads to a value of %& = 39.1 Msec. 
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Fig. 135. g vs. } obtained by integration beyond the point of total 
reflection. (bg = 0.4078 radians, point 22, film 536) 
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Table XI esults the evaluation o; e_consti 


Film No. Point No. R|-r r'- Dp ) 
EK hier (4in.) ( 800) 

536 22 0.61 3.15 14.76 39,1 

537 5a 0.63 3.39 14.72 Aus 

537 12 0.94 3.23 Verh 39.6 

536 § 0.97 3.68 14.03 43.8 

537 18 1.13 3.09 13.71 38.1 


Av. 0440.4 sees average deviation from mean = #1.7 & sec, 


It will be noted that there is no systematic trend of Q, with distance of 
the point selected for calculation behind the shock front ( |R\ = ray). 


Grid in same plane with charge; charge directly in front of camera; spherical shock waye 


If the experimental set-up is such that the plane of the grid is perpendicular to 
the optical axis of the camera with the center of the charge at this point of inter- 
section, then the peak pressure of the shock wave may be calculated as follows: Refer- 
ring to Fig. 136, G is the position of the camera; S is the shock wave; O is the charge; 
OG is the grid (perpendicular to the plane of the paper); R is the point at which the 
given light ray passes through the shock front; r and r' are the true and apparent 
points of intersection of a pair of grid lines, respectively. A construction line is 
drawn from 0 perpendicular to Rr'. As in Sec. 1, (a), the assumption is made that the 
pressure from R to r is constant. y is the ratio of the index cf refraction over this 
range to the index of refraction outside the shock wave. 


The quantities fp» gé, 9, Rr', Rr, S, and § are successively determined by the 
following equations: 


ten = a (I1-34) 
OR cos (f -8) = Or! cos /3 (11-35) 
@ = 180° - (09+ 6-8) = e- 9+ (11-36) 
By the law of sines, 
2: = #in (90° -4) (11-37) 
By the law of cosines, 
Rr = (Rr)“ + (rr*)* - 2 (Rr)(rr') cos (90° “B) (II-38) 
Again by the law of sines, 
sin =. sin (90° -@ ) (11-39) 
rr? Rr 
By Snell's lew, 
= —— § =e (II-40) 


The corresponding pressure is then obtained from Table X. After calculations have been 
made for several grid line intersections, the peak pressure is determined by the method 
described in Section 1 of Appendix II; namely, by plotting the calculated pressures 
against corresponding distances of the mid-point of Rr from the shock front, and 
extrapolating to zero distance from the shock front. 
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It is to be noted that the shock wave photograph in tliis case probably does not 
show the intersection of the shock wave and the grid plane, but rather the intersection 
of the grid plane and a cone which has its apex at the camera lens and is tangent to 
the shock weve sphere, Thus, in determining the shock wave radius from the photograph, 
a@ corresponding correction should be applied to the apparent radius. 


Cric_in same plane with charge; charge directly in front of camera; non-spherical 


shock wave 


If the experimental conditions mcet the above requirements, the peak pressure of 
the shock wave may be calculated as follows: Referring to Fig. 137, ¢ is the position 
of the camera; S is the shock wave; 0 is the charge; 0G is the grid (perpendicular 
to the plane of the paper); R is the point at which the given light ray passes through 
the shock front; r and r' are the true and apparent points of intersection of a pair 
of grid lines, respectively; RQ is the normal to the shock wave surface at R. As in 
section 1 of this Appendix, the assumption is made that the pressure from R to x is 
constant. is the ratio of the index of refraction over this range to the index of 
refraction outside the shock wave. Although the shock wave is not assumed spherical, 
it is assumed that the shock wave surface can be represented by some equation 
f(x,y,z) = 0, the exact form being determined from the photograph of the shock wave. 


The solution proceeds according to the methods of analytic geometry. The charge 
is taken as the origin of the coordinate axes, x, y, Z, and the various points in the 
experimental arrangement are assigned the coordinates given in Fig. 137. 


The equation of ling CR is 


220 y¥- 33 Z-@ 

= = 3 = 
to 0) O-y Oveueaee (11-41) 
4 3 3 

which simplifies to 
x y- y. Z= 
— = 3! se 23 (II 
-41') 

=) ¥3 23 


These equations are combined with f(x,y,z) = 0 to obtain Xl) Yi» 21- The direction 
components of QR are 


ar of de 


—— 


t) ° 
ay Ory ts “oar 
The direction components of CR are 

X,2 “Yg2 “2, - 


my Ueeee Oe ee ot 
cos @ = - 5S%t FOV 3 “ol (II-42) 


The equation of line Rr is 


ae PND og: eee aL ee (11-43) 
ea ee eo ae | 


The direction components of this line are 


rte 18085 Ar 
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e i df a of 
+ - 7: 2 
cos @ = “a G5 - 7) es (I-44) 
2 ( 2 2 2 i/2 
xy“ + Moeschlp| + (25 - 2) 
: oxy “Tj aT 
Having values now for ® and @5, by Snell's law, 
aes gia ae a (1-45) 
sin 85 


he 


The corresponding pressure is then obtained from Table VII. 


After calculations have been made for several grid line intersections, the peak 
pressure is determined by the method described in Section 1; namely, by plotting the 
calculated pressures against corresponding distances of the mid-point of Rr from the 
shock front, and extrapolating to zero distance from the shock front. Since the shock 
wave is not spherically symmetric, the other grid line intersections must be chosen 
in the same general region behind the shock wave to obtain the peak pressure for that 
region. 


Attention is called also to the last paragraph in Section 2 of this Appendix, 
which is applicable here. 


Grid _ beh: hock wave: c e direc in front o era; sphe: W 


If the experimental set-up meets the above requirements, the peak pressure of 
the shock wave may be calculated as follows: Referring to Fig. 138, C is the position 
of the camera; S is the shock wave; OQ is the charge; GH is the grid (perpendicular to 
the plane of the paper); R and Q are the points at which the given light ray passes 
through the shock front; r and r' are the true and apparent points of intersection 
of a pair of grid lines, respectively; OR and OQ are the normals to the shock wave 
surface at R and Q respectively. As in Section 1 of this Appendix, the assumption 
is made that the pressure from R to Q is constant. ) is the ratio of the index of 
refraction over this range to the index of refraction outside the shock Wave. 


The solution proceeds according to the methods of analytic geometry. The charge 
is taken as the origin of the coordinate axes x and y, and the various points in the 
experimental arrangements are assigned the coordinates given in Fig. 138. Due to the 
symmetry of the shock wave, the problem becomes planar for any single grid line inter- 
section. x3 and x, are obtained before the shot; and the radius of the shock wave OR, 
¥3 and % are determined from the photograph. 


The two equations 


x," + y,? = (ck)? (11-46) 
and 
y 
ee (I-47) 
pore) oa ea 


are solved simultaneously for x and yp the roots 2 and ¥2 being discarded. Due to 
the circular symmetry of the shock wave in the x,y plane, 


tan ZrQO = tan Z ORC (II-48) 
If, now, the slope of any line AB is designated oe from Eq. (II-48), 
ae Am. Acr 
Ac ie = = (II-49) 
1+ A, 2 1+ A- A 


Q 0Q QR CR 
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es Ne = Se Te (II-50) 
bass Hit) 
Ne = Te (II-51) 
x] 
Nog es (11-52) 
*5 
A op gas (II-53) 
x3 - x, 


Combining Eqs. (II-50), (II-51), (II-52), (II-53) with Eq. (II-49) results in an 
equation which reduces to 
TAX5 ~ X5V5 AGS + XS | XG¥. - XY, - KZ 


= k (11-54) 
585 - 35° + 9175 - 5" X1X3 - HX, + V3 


where k is a constant for a given grid line intersection. Eq. (II-54) is combined 
with 


ae + ys = (0Q)% = (oR)? (11-55) 


to obtain values for x5 and ys5, the extraneous roots being discarded. 


d CR ~ dz0 


Z wre = tan“) (11-56) 
tt cr. “RO 
and 
emer | 
Zorg «= ten RQ RO (II-57) 
1+ “pq “Ro 
Combining 
¥. 2 
Aes cea eae (11-58) 
X5 - xy 


and Eqs. (II-50), (II-51), (11-52), (11-53), with Eqs. (11-56) and (II-57) results 
in the following equations: 


Zwree = tan“) (-k) (11-59) 


co Naa, Nas fib f (11-60) 


Finally, 
y « sn 6 we » (Snell's law), « (II-62) 


and the corresponding pressure is then obtained from Table VII. 


After calculations have been made for several grid line intersections, the peak 
pressure is determined by the method described in Section 1 of the Appendix; namely 
by plotting the calculated pressures against corresponding distances of the mid-point 
of RQ from the shock front, and extrapolating to zero distance from the shock front. 


Attention is again called to the fact that the apparent intersection of the shock 
wave and grid on the photograph is the projection on the grid of a cone with its apex 
at the camera lens and tangent to the shock wave sphere, and the shock wave radius must 
be calculated accordingly. 
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I. INTRODUCTION 


TI. EXPERIMENTAL METHODS AND EQUIPMENT 


1. 


2. 


Methods of flash photography 


(a) General information 
(b) Water transparency 
(c) Cameras for flash photography 


(4) Argus C-3 

(41) Kodak "35" 

i UERL camera 

iv) Automatic photography 


(ad) Light sources 
(4) Glass enclosed flash charges for depths 
down to 20 feet 
(44) Conical flash charges for depths down to 10 feet 
(4441) Flash charges for depths down to 600 feet 
iv) Other sources 


(e) Underwater equipment 
(f) Firing devices 


Methods of motion picture photography 
(a) Cameras for motion picture photography 
(4) Eastman high speed camera 
ie Jerome camera 
4i1) Victor camera 
(b) Associated equipment for underwater photography 
(4) Underwater gear 
(c) Light sources 


ne Photoflash lamps 
(41) Mercury arc 


(ad) Timers 
(e) Power supply for cameras 


II, RESULTS OF EXPERIMENTS 


a I 


2. 


Cavitation 


(a) Minimum tension necessary to cause cavitation 

(b) Criterion for cavitation in front of steel diaphragm 

(c) Cavitation from objects other than plane surfaces 

{3} Disappearance of cavitation 

e) Cavitation caused by oblique reflection of shock waves 
from air-water interfaces 


Investigation of the effect of shape of charge and point 
of detonation on shock wave and bubble 


iii 
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3. Pressure and time-constant measurements of shock waves 
by optical distortion 
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(a) Spherical shock wave; charge not on the optical axia; 
charge in grid plane 
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(1) Peak pressure 
(41) Time-constants 
(444) Summary and remarks 


(b) Spherical shock wave; charge on the optical axis; charge 
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(c) Non-spherical shock wave; charge on the optical axis; 
charge in grid plane 

(ad) Spherical shock wave; charge on the optical axis; 
charge in front of grid plane 


4. Cylinder damage 


fa} Introduction 
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fc Slow speed movies 
d) High speed movies 


5. Miscellaneous experiments 


(a) Mach effect 

(b) Shock wave from 30C 1b. charge 

(c) Pressure of shock wave determined from shock wave 
velocity 

(ad) Experiments showing that the apparent position of the 
shock wave coincides closely with its actual position 

(e) Luminosity of charges exploded underwater 
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I. Theory of pressure in front of an air-backed free plate accelerated 
by a shock wave 61 


II. Theory of peak pressure and time constant determination for 
shock waves by the method of optical distortion 66 


Editor's notes This appen’ 2} by R.R. Halverson, 


appears as a separately published paper 
in this volume, just preceding this paper. 
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Cavitation data for steel plates in UERL diaphragm gage 


Summary of results of studies of cavitation from simulated 
free plates 


Experimental conditions applying to the photographs of 
Figs. 39 - 49 


Data of experiments on oblique reflection of shock waves from 
water-air interfaces 


Data of experiments on oblique reflection of shock waves from 20 
in. by 10 in. water-air interfaces, and from ocsan surface 


Results in the evaluation of time constant 
Coefficients of a and b in n(p) - mK, = ap - bp* for pure water 


Constants necessary for Eq. (II-15) 


Results of integration for g as a function of ¥Y e Value of 
fe as obtained in calculation for pay is 0.4078 radians (point 
28, film 536) 


Results of integration for 3 beyond point of total reflection. 


Value of J, as obtained in calculation for pgy is 0.4078 radians 
(point 22, film 536) 
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Pay 
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NOTATION OF MAJOR SYMBOLS 


pressure coefficients of index of refraction for water 
velocity of sound in water 

a distance r' - r 

mass per upit area of the plate, Wa Pi 


average index of refraction of that section of the shock wave being 
investigated 


index of refraction of sea water at sero pressure 

pressure at a distance x and at a time t 

average pressure of that section of the shock wave being investigated 
peak pressure of original shook front 


P/P, 


true radial distance from center of charge to intersection of a pair 
of grid lines in the optical distortion discussion, also 


radial distance from center of plate to diffracted shock front in 
cavitation theory 


apparent radial distance from center of charge to intersection of a pair 


of grid lines 


Gateeeraee radial eeetor ft a tant ts-1Dp) 
2 


radius of bubble or particle 

inside radius of pipe and/or radius of the diaphragm (or "plate") 
shock wave radius 

radius of cavitation region 

outside radius of pipe 

radius of steel plate 

interfacial tension between water and the particles 

time measured from the time the original wave strikes the plate 


time corresponding to x, (calculated) 


interval of time between impact of shock wave on plate and time of 
photograph 


t/e 


instantaneous velocity of the plate 


*Page where symbol is first used 


& B 
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61 


63 
61 
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NOTATION OF MAJOR SYMBOLS (Continued) 


the distance of any point measured positively out into the water from 
the initial position of the plate 


farthest perpendicular distance of cavitation from plate 
x/c@, i.e. distance in units of c@ 

x,/c® 

weight-distance exponent for peak pressure 

Pax = constant x (w2/ 3/7 BR his 

0/@,, 00/m 

time constant of shock wave 

cavitation time 

exponential decay constant of shock wave with respect to distance 
exponential decay constant of shock wave with respect to time 
we 

Dgy/Ny 

density of water 


interval of time between impace of shock wave on plate and beginning 
of diffracted shock wave from the edge 
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I. INTRODUCTION 


Interesting photographs of underwater explosions in model tanks have been obtained by 
many investigators. Their experiments suffered almost universally from the drawback that 
it was impossible to shoot charges larger than a gram or even a tenth of a gram. A technique 
has been developed at UERL of shooting in the open ocean so that the charge size is limited 
essentially only by the transparency of the water rather thar by the strength of tank. 


This report discusses in detail the methods and apparatus used in obtaining the pictures 
and the results of some two years of experimentation. It indicates the usefulness of photo- 
graphic techniques for studying underwater explosions. 


TI. EXPERIMENTAL METHODS AND EQUIPMENT 


Two main types of picture have been taken; the flash photograph, in which a single 
picture of approximately one microseconc exposure was obtained, and the motion picture, which 
usually gave three or four to several hundred pictures in a single experiment. These latter 
pictures were taken at speeds up to 2500 per second and corresponding exposures down to 100 
microseconds. The two methods wili be taken up in detail. 


1. Methods of flash photography 


(a) General information. -- In taking short exposures of rapidly changing phenomena, 
the shutter of the still camera was opened, the explosion initiated, a short 
duration flash of light emitted, and the shutter closed. During the winter months, 
it was found possible to work in daylight by actuating the instantaneous shutter 
mechamism, set at 1/100 second, with a solenoid and synchronizing the explosion 
electrically. When the sun was brighter, however, this method caused a general 
fogging even at 1/200 second, and it was found necessary to work at night. This 
simplified the problem cf synchronization inasmuch as it was possible to set the 
shutter on bulb, open it with the solenoid, fire the charge, and close the shutter. 


In experiments in which it wss necessary to "stop" shock waves, the light source 
was an explosive flash charge (Section II, 1, (d)). The delay between the time of 
detonation of the subject charge and the flash charge was obtained by the proper 
length of Ensign-Bickford Primacord whose detonation velocity is 0.248 incher per 
microsecond. 


It is possible to obtain multiple exposures on a single plate by firing several 
flash charges in sequence, using primacord timing. 


When extreme speed was not necessary, the flash charge was replaced by a photo- 
flash bulb or Eastman Kodatron Speedlamp. 


(b) Vater transparency. -- One of the important variables in underwater photography 
in the open sea (near land at least) is the transparency of the water. Not only 
does the total amount of transmitted light from a constant light source decrease 
at lower transparency, but, since the lower transmission is due to turbidity, image 
sharpness decreases even if the proper exposure is made. To take this into account, 
a crude transparency measure is made by dropping a white disk eight inches in 
diameter through the water until it disappears from view. The depth of this dis- 
appearance is recorded as the "Secchi disk reading." YY ssa rough rule of thumb, 
it may be stated that fairly good pictures can be taken with object-to-camera 
distances up to half the Secchi disk reading. 


Se Se a 


aly Progress Report on Underwater Photography, by D.E. Kirkpatrick, J W E 
NDRC Section C-4 (Division 6.1 » May 4, 1342 = ie os tee 
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(c) 


(a) 


For most single flash photographs, Zastman Contrast Process Ortho film was used 
and developed in D-11. Typical lens openings with a 250 gm explosive flash charge 
at 8 ft. from the camera varied from f/3.5 to f/8 depending on water conditions. 


Cameras for flash photography. -- A variety of cameras were used for flash 
photography with approximately equal success. In order to keep the size of the 


equipment at a minimum, 35 mm still cameras were used. 


(4) Argus C-3. Figure 1 shows the Argus C-3 camera and its water and explosion- 
proof case. This camera has an internal synchronizer which was sometimes 
used to set off explosions when the shutter was at its maximum opening, The 
case was constructed from 6 1/2 in. 0.D. by 3/4 in. thick steel pipe and the 
window is of 1 in, thick "tempered" glass having a 2 1/8 in. diameter for the 
unsupported area. The case and window have successfully withstood the 
explosion of a 300 pound charge 50 ft. away, both charge and camera case being 
at a depth of 40 ft. 


(11) Kodak "35". Figures 2 and 3 show a Kcdak "35" and case. This case which was 
made from a pipe coupling, has also survived the explosion of a 300 pound 
charge at 50 ft. The camera was later modified as shown in Figure 4 which 
shows a much smaller homemade camera using the lens and shutter of the Kodak 
35. A smaller case would obviously have been built for this camera. 


(iii) UERL camera. In the early stages of this work it was considered that com- 
mercial cameras might not be rugged enough for the work we were doing, and 
a camera with laboratory designation "Brute" was constructed. The "Brute" 
camera consisted merely of a solid brass cylinder with a heavy spring-driven 
rotary shutter, a hole for the lens, and another for the film. The camera 
also contained a "foolproof" synchronizer for firing the charge which con- 
sisted of a contact made by the shutter at any desired time in its travel. 
By using an SSS seismographic cap (No. 8) which explodes within a millisecond 
of the time the circuit is closed, the synchronizer could be set to close the 
circuit when the shutter was barely opened and the timing would then auto- 
matically be right. 


Subsequent experience showed that the commercial shutters were sufficiently rugged 
so long as they were not immersed in sea water, and the "Brute" camera was rarely 
used, 


The cameras were all mounted on rubber as a matter of principle. 


(iv) Automatic photography. One photograph was obtained by means of an automatic 
rig. A charge was detonated which activated a pressure switch. The pressure 
switch closed a solenoid circuit which tripped the camera shutter. As the 
shutter opened, a synchronizing switch fired a cap in the flash charge, The 
battery required was enclosed in the camera case. The resulting photographic 
image is not reproduced. This method can be used in experiments in which 
external connections with the camera are undesirable or impossible. 


Light sources. -- Still close-up photography of explosion phenomena requires 
exposures of the order of a (sec and a light source of about a million candle- 
power. A satisfactory source “of light was developed by the Explosives Research 
Laboratory at Bruceton, Pennsylvania 2/ utilizing a spherical cast explosive 
charge of pentolite mounted concentrically in a round bottom glass flask; the 
space between the charge and flask being filled with argon at atmospheric pressure. 
Duration and intensity of the light increased respectively with the thickness and 
area of the argon layer. 


2/ The Flash Photography of Detonating Explosives to May 1, 1943, Explosives Research 


Laboratory, Bruceton, OSRD Report 1488. 
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Argon-surrounded flash charges were adapted at UVERL 7 for use underwater and 
proved satisfactory. By using conical rather than spherical charges it was 
possible to produce a given amount of useful light with less explosive. The 

amount of light emitted by the charges was about halved if the gas layer was air 
instead of argon. Tests were conducted with charges coated with mercurous chloride 
and sodium chloride (because of their emission spectra), but the results were 
erratic. The various types of flash charge prepared at UERL are illustrated in 


Figure 5. 


(i) Glass enclosed flash charges for depths down to 20 feet. Since this type of 
flash charge was used most, its fabrication will be discussed in some detail. 


A primacord fuze is cut to the desired length and one end rolled tightly in a 
2x 2x 1/32 in. sheet of lead with 1/8 in. of primacord projecting beyond 
the lead (see 1C of Figure 5). The function of the lead is to prevent deto- 
nation except that starting from the center of the sphere. To obtain maximm 
charge density and to minimuze segregation, all of the air should be driven 
out of the molten pentolite and the mix should be as cool as possible when 
poured. The charge is cast in a well-greased (e.g. petroleum jelly) plaster 
of paris mold (Figure 6) with the exposed end of primacord fuze in the center. 
The half molds are set over one another on their rims with the fuze in the 
groove provided and with the filling hole on top. Molten explosive is poured 
in up to the base of the filling hole and as the mix cools and shrinks, more 
is added to keep the level constant. When solid, the charge is easily removed 
by taking apart the molds. Molds may be cooled, regreased, and used again 
many times, : 


Charges may also be case as two hemispheres. One hemisphere is cast with the 
primacord fuze in place and is removed from the mold when the explosive 
solidifies. Molten explosive is poured into the second mold up to ay level 
of the fuze groove and the first half (with fuze) is placed on top. The 
completed charge is easily removed from the mold when the second half 
solidifies. 


The charge is next mounted in the round bottom glass flask which has been 
split into two halves (see 1B, 1C of Figure 5) by the hot wire technique 
familiar to glassblowers. Rubber tape is wrapped around the lead covered 
primacord fuze to provide a snug fit in the neck of the flask and to center 
the charge. There is a 3/16 in. space between the charge and the wall of the 
flask. A small chip of glass is removed from one of the split edges of the 
flask to provide a filling hole for the gas. The split halves of the flask 
are glued together with transparent tygon paint or Duco cement and the region 
over the seam is painted twice with the cement for waterproofing. Plaster 
of paris is poured into the neck of the flask to fix the charge in position, 
aid in waterproofing and minimize the leakage of gas. Bostik cement (a 
heavy-bodied rubber compound) or vaseline is placed over the plaster of paris 
to waterproof completely the mouth of the flask. Just before shooting, the 
charge is placed in a steel (for safety) vacuum desiccator, the air evacuated 
through the filling hole and argon allowed to flow in an atmospheric pressure. 
The filling hole is then resealed with a piece of scotch tape and Bostik. 


(44) Conical flash charges for depths down to 10 feet. Only a part of the light 
distributed by the shperical type flash charge described above is used in 


illuminating the field of view of the camera. The lighting efficiency may 
be improved by using a reflector behind the flash charge. However, there 
was little loss in light when the spherical charge was replaced by a conical 


of Charges for Sti of Explosion Phenomena at » by P. Newmark and 


BE. L. Paterson, NDRC Report A-381 (OSRD 6259); also The Preparation and Testing of High- 


“Sea Short Duration Underwater Flares, by E. L. Patterson, NDRC Report A-382 
OSRD e 


While this technique leads to some cavitation at the center of the cold charge, it was 
found in practice to make little or no difference for this purpose if the precautions 
noted above were taken. 
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Fig. 5. Various types of flash charges prepared at UERL. 


ata F. ~ Various types of flash charges d_at UERL. 


250 gm spherical pentolite flash charge - glass-cased and uncased. (See Figure 7). 
75 gm spherical pentolite flash charge - uncased. 

Materials: primacord, 1/32 in. lead sheet, rubber tape, plaster of paris, and split 
flask (200 ml round bottom). 

Conical flash charges. (see Figure 8). 

Cylindrical tetryl flash charges (salt coated). 

Flash charges for deep water. (see Figure 9). 
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Filling hole 


Bottom half Top half 


Fig. 6. Plaster of paris molds for casting 
spherical pentolite flash charges. 


Plaster 


of peris Watch glass 


Plaster 
of paris 


Primacord 


Fig. 7. Glass-enclosed spherical Fig. 8. Conical pentolite flash 
flash charge; a cross-sectional view, charge; a cross-sectional view, 
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(iv) 


charge which was actually a sector of a sphere. (See 2 of Figure 5). The 
fabrication is indicated by Figure 8. The advantage of this form was that 
about one-seventh the amount of explosive ( 7~v 40 gm) was required which 
permitted the use of flash charges in areas where half=-pound charges were 
too large. 


Flash charges for depths down to 600 feet. The construction of a flash charge 
which would be waterproof in deep water and would not collapse under the 


hydrostatic pressure was accomplished by casting the pentolite in a tin can 
and using a thick (1/4 to 1/2 in.) disk of lucite for a window; Figure 9 shows 
the details. Photographs of this type of charge are given in Figure 5 (4a, 
4b). The window is clamped against a rubber gasket and a 1/32 in. hole is 
drilled in the window for an argon filling hole. This hole was later closed 
with a tapered plug of wood and Bostik. A metal tube, closed at one end and 
soldered to the base of the tin can, projected into the explosive to comprise 
the detonator well. The charge was detonated by inserting primacord into the 
open end of a non-electric blasting cap, wrapping the junction carefully with 
rubber tape, inserting the blasting cap into the detonator well, and initiat- 
ing the primacord. 


Other sources. Some single pictures of damage to model structures were taken 
with a #22 photoflash lamp or with a gas-filled Kodatron flash tube. Both of 
these lamps had to be protected from the explosion by a metal case with lucite 
window. The usual explosive flash charge technique was not employed in this 
instance because the final damage to the model would have been affected by the 
explosion of the flash charge. 


Underwater equipment. -- Figure 10 shows a sketch and Figure 11 photographs of a 
typical experimental set-up for underwater photography. The majority of experi- 
ments were carried out in rings of this sort. While the circular shape is not the 
most convenient for the suspension of miscellaneous objects, it is generally less 
subject to destruction from the explosions. Lightweight objects, such as paper 
diffusing screens, were stayed from the ring by light line, while cameras, gauges 
and other heavy gear were fastened directly to the ring or to sturdy auxiliary 
structures bolted or welded to the ring. 


Firing devices. -- The flash charge and the target charge were generally fired a 
short time apart by connecting them with primacord. Since it was sometimes 
undesirable to have primacord extending between the two charges, a method was 
developed for simultaneously firing two charges which were separated in space. 

The method was to discharge a 40 microfarad condenser, charged to 600 - 1000 volts, 
through two No. 8 SSS seismographic caps connected in series. Under these con- 
ditions the caps detonated within a few microseconds of each other. Primacord 

was still necessary to obtain delays, but more control was obtainable over the 
geometrical configuration of the primacord since it was no longer necessary to 


have 


a continuous length between the two charges. Furthermore, this eliminated 


the necessity of having primacord in the field of view rhen photographing explod- 
ing charges. 


Methods of motion picture photography. 
Relatively slow phenomena, such as bubble growth and structural damage, can be photo- 


graphed successfully using motion picture technique. We have used two conventional movie 
cameras and an Eastman High Speed camera, all of which require a continuous light source. 
For pictures in which a total duration of only 100 milliseconds is required, such as studies 
of damage from a 25 em charge at 600 ft. depth, a single #31 photoflash lamp has been used. 
For longer durations it is possible to use several photoflash lamps tripped in series. 


Eastman Super XX film or its equivalent has been used in all underwater movies. 


Cameras for motion picture photography. -- 


(1) 


Eastman high speed camera. Figure 12 shows the Eastman high speed electri- 
cally driven 16 m camera with attached Lord vibration mounts. The mounts 
slide into the tracks shown inside the case, (Figure 13) and shock mounts 
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Peg to support window 


SSU- 
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losive 


Detonator well 


Fig. 9. Flash charge for deep water; a cross-sectional view. 


a 


A. Ring - 9 ft diameter F, Flash charge 


B. Camera G. Reflector 
Cc. Gauge H. Primacord 
D. Damaging charge I. Cap - No, 8 
E. Diffusing screen J. Diaphragm 


Fig. 10. Diagram of apparatus for underwater photography. 
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Close-up, showing camera, charge, diaphragm, diffusing screen, 


and flash charge reflector 


Apparatus just entering water Ring swung out over water pre- 


liminary to lowering 


Fig Il Steps in lowering equipment for single shot photograph of 


charge damaging diaphragm. 
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CAMERA IN POSITION 
FIG. 13 
HIGH SPEED CAMERA AND EXPLOSION PROOF CASE 
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on the ends of the case prevent camera motion along the axis of the cylinder. 


The case for this camera is made of standard 16 in. 0.D. by 3/8 in. wall 
thickness steel tubing, and the ends are hot rolled steel 1 in. thick. We 
have never tested this case near its ee strength, but it was calculated 
that it would stand over 1000 lbs./in.* static pressure and considerably more 
dynamic pressure of low time constant, 


The high speed camera can be used at speeds up to 3000 frames per second. 

Due to the rotating four-sided prism that is interposed between the lens and 
the film, the ratio between exposure time and the time between frames is fixed 
at 1/4 and the minimum exposure time is 80 microseconds. Another effect of 
the optical system is that it requires long focal length lenses (63 mm mini- 
mum) with the result that the field of view is small (angle of view ca. 5°) at 
reasonable object distances. This feature is a drawback in underwater photog- 
raphy due to the further restrictiond the field which results from the high 
index of refraction of water, and the severe limitations on object distances 
due to water turbidity. 


(14) Jerome camera. Figure 14 shows the Jerome 35 mm camera. This camera is of 
a conventional type, electrically driven, and is limited to speeds slower 
than 100 frames per second. The angular opening in the shutter is variable, 
-go that exposures as short as one millisecond can be made. A 1 in. focal 
length lens was used to obtain the widest possible angle of view. The shock 
mounts shown in the figure engage tracks in the case. 


(411) Victor camera. Our first underwater movies were taken with an ordinary 
spring-wound 16 mm camera running at 64 frames per second, with an exposure 
time of approximately 1/130 second. 


(b) Associated equipment for underwater photography. 


(4) Underwater gear, One of the rigs used for photographing damage to cylindrical 
targets is shown in Figures 15 and 16. The photograph (Figure 15) shows the 
rig arranged for photographing by reflected light while the drawing (Figure 
16) shows the set-up for silhouette. The parallel beams in this frame can 
be extended to obtein greater object distances. Figure 17 shows the firing 
circuit diagram. 


(ec) ht_s es. 


(4) Photoflash lamps. In order to increase the duration of the illumination used 
in these photographs, several photoflash lamps may be set off in sequence by 
means of the rotating commutator switch shown in Figure 18. The proper time 
interval to use between #31 photoflash lamps is 80-100 milliseconds. In the 
clear waters around the Bahamas, it was found that a good silhouette of a 
cylinder could be obtained at 2500 frames per second with the lens at f/11 
using two #31 photoflashes 9 ft. from the camera. 


(41) Mergury Arc. The light source used with the Victor camera was a G. E. high 
pressure H-6 mercury arc. This proved satisfactory except that in a fair 
fraction of the experiments the light was extinguished by the shock wave. 
Furthermore the intensity is too low for high speed work, and 60 cycle fluctu- 
ation would be undesirable in short exposure pictures. 


(4) ipers. -- Each camera is equipped with a small neon flasher which provides timing 
by marking the edge of the film at a frequency determined by tuning forks - 1000 
cycles for the High Speed and 50 cycles for the Jerome. Circuit diagrams for the 
power supplies that operate these lamps are given in Appendix III. 


(e) Power supply for cameras. -- The cameras must be brought up to speed gradually. 
The High Speed is equipped with an internal mechanism which cuts out a resistor 
and provides for gradual acceleration. The Jerome is accelerated by hand with a 
Melia: ae Speed requires about 1.5 kw (2 at starting) and the Jerome 
ss than ° 
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Jerome camera showing shock mounts, 


Fig. 14. 
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Rotating commutator switch for firing photoflash lamps in sequence. 


Fig. 18. 
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III. RESULTS OF EXPERIMENTS 


1. Cavitation 


Inasmuch as damage theories depend on the presence or absence of cavitation, it was 
considered important to investigate experimentally the more important factors influencing 
the production and decay of cavitation. The various divisions of this problem will be 
discussed separately. 


(a) 


(b) 


Minimum tension necessary to cause cavitation. -- While theoretical considerations 
lead to the expectation that very high negative pressures should be necessary to 


start cavitation in extremely pure (nucleus-free) water, it can be demonstrated 
that if bubbles or particles of radius n, are present, cavitation should appear 
at P = -28/T, where s is the interfacial tension between water and the particle. 
Inasmuch as seawater contains numerous suspended particles, some of considerable 
size, cavitation might be expected at small negative pressures (tensions). 


In order to determine the minimum tension required for cavitation in seawater, 
the following experiment was carried outs A weak shock wave impinged on an air- 
backed cellulose acetate diaphragm 0.02 in. thick and 6 in. in diameter. Ata 
known time after impact a photograph was taken and the position of the cavitating 
region noted. From the curves given in Appendix I, the tension was estimated 

at the minimum distance from the diaphragm at which cavitation occurred, since 
the magnitude of the tension is a direct function of the distance from the 
diaphragm, this value gives the minimum tension necessary for cavitation. It is 
possible that lower values can be found under other conditions. 


Figure 19 shows cavitation in front of such a surface when a 10 gm charge of 
loose tetryl was fired 24 in. from the diaphragm. The peak pressure 24 in. from 
this charge is estimated to be 2700 lbs./in.%, The charge used in making Figures 
20, 21, and 22 was a three-foot piece of primacord stretched in a straight line 
perpendicular to the diaphragm at its center. For Figure 20 the closest end of 
the primacord was 8 in. from the surface of the diaphragm, in Figure 21 it was 

10 in. and in Figure 22 it was 20 in. The peak pressures p, in the shock fronts 
at the target are estimated to be 1100, 900, and 450 lbs. 2 respectively. The 
letters A and B mark the positions of the primary and reflected shockwaves 
respectively as observed in the original negatives. It will be noted that cavita- 
tion is visible in all four pictures. 


The theory of Appendix I has been used to estimate the pressures in the water in 
front of the diaphragm. This simple theory assumes that the shock front is planar, 
that the diaphragm acts as an incompressible free plate of infinite extent, and 
that the region ahead of the cavitation front is unaffected by the presence of the 
cavitation. 


Cavitation is observed at least as close to the diaphragm as 1/8 in. From Figure 
131 (Appendix I) it is estimated that the pressure at this point (X = 0.04) never 
fails below P = 0.1 or p = -0.1 pg. In the case photographed in Figure 22 this 
means, according to this theory, Phat the tension =p near the diaphragm never 
exceeded 45 lbs./in.2. We therefore conclude that cavitation in seawater can 
oceur at 45 lbs. /in.2 (or even less) on the basis of this interpretation of the 
experiment. Since the maximum tension possible in this experiment on any theoret- 
ical basis is 450 lbs./in.2 we conclude that this value represents an upper limit 
for the required tension. These values are estimated relative tensions, from which 
about 18 lbs./in.~ must be subtracted to correct for atmospheric plus hydrostatic 
pressure, 


Criterion for cavitation in front of a steel dia . ~" Kirkwood 5/ has 


aS 
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G. Kirkwood, OSRD=-1115, Serial No. 450, December 9, 1942. © 
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postulated (See Appendix I) that cavitation at a particular point in front of the 
diaphragm will occur only if the cavitation time @, is less than the time for the 
diffracted wave to come in from the edge of the ataphregm and that the cavitation 
time can be calculated for an infinite rigid free plate by 


e,= 9 Abn ) 
c 
wi=iey By 
in which @ is the time constant of the shock wave and 0; = m/pc, m being the rass 
per unit area of the plate, Ve and c¢ the density and sound velocity of water, 
respectively. In order to test this | hypothesis, two series of photographs were 
taken. 


In one series, shock waves were reflected from a deformable steel diaphragm, 

the center of which should approximate the motion of a free plate in the initial 
part of its motion. In the other series, a closer approximation to a true free 
plate was made by supporting a steel disk on a weak backing of cellulose acetate 
or shim brass, and in a few pictures there was no support for the steel plate. 


Figures 23, 24, 25, 26, and 27 show UERL diaphragm gages being damaged under the 
conditions given in Table I. The table shows that cavitation occurs only when Q¢ 
is less than R/c, where R is the radius of the diaphragm. In a few cases, no 
cavitation occurred under this condition, but the condition was satisfied by only 
a slight margin. In Figure 25 the cavitation region does not extend back to the 
diaphragm. This is thought to be due to the increase in pressure caused by 
"reloading" or deceleration of the diaphragm. 


The target used to obtain Figure 28 was a 0.013 in. thick steel diaphragm soldered 
over the mouth of a 6 in. pipe. Five other photographs were taken of similar 
targets in which the only experimental condition changed was the time lapse after 
impact of the shock wave from the 50 gm charge at a distance of 12 in. Cavitation 
occurred in all pictures except one in which this time lapse was approximately 8 
feec, whereas the calculated cavitation time (@,) is 6 Pee. 


Figure 29 is a drawing of the target used in the second series of photographs to 
give a closer approximation to a free plate. 


SASS] 


SBwwVeaBeBasw 


Figure 29. Target simulating free plate. 


Typical photographs of cavitation from such a target are Figures 30, 31, and 32. 
Using this target, it is found that the position of the cavitation front is very 
close to the region of zero pressure calculated by the method of Appendix I. 


Measurements were also made of the radius R, of the cavitation region and of the 
maximum perpendicular distance from the plate that cavitation occurred, X.. The 
time Va impact at which the picture was taken.te was calculated from the value 

- These values are shown in Table II, together with the corresponding time 


6/ The equation for this was developed from the theory of prcyee* I. 


tom OL, Pn 252 
Bet (B+ie " =(p-ve ws 


where 6 = 0/o, 
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TABLE I. Cavitation data for steel plates in dia Ch 


Fig. Film Charge 8 Plate Cavitation 
No. No. eight Distance ( (Msec) Thickness Time 0c R/c Cavitation 
(em) (in. ) 


(in.) (fA sec) (gd 8ec) Observed? 
ee, SR ee ee eee i} # 


2 50 12 35 0.013 6 29 yes 

3 50 u 35 2013 6 29 yes 

23 1 50 24 40 .025 8 29 yes 
218 50 24 40 +040 12 29 yes 

2k +219 50 24, 40 «039 12 29 yes 
220 500 48 80 ,038 15 29 yes 

5 50 12 35 O74 7 29 yes 

25 19 250 30 55 073 20 29 yes 
26 170 250 36 55 2076 20 29 yes 
27 24 50 12 35 2156 28 29 no 
23 250 30 55 «156 34 29 no 

4 50 12 35 2500 45 29 no 

21 75 12 40 -500 48 29 no 

22 75 12 40 500 48 29 no 

31 715 12 40 2500 48 29 no 
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t, found from the shock wave position. The radius of the cavitation region R, 
Was also calculated and the values are shown in Table II together with the — 
measured values. In the calculation it was assumed that cavitation takes place 
only in the region where the pressure drops to zero Ly ae the compressional 
diffraction wave from the edge of the plate arrives. 


It is assumed that once cavitation appears, it persists for some time after the 
diffraction wave from the edge of the plate has reached it. (See Section III, 

1, d.) The rather good agreement of the calculated and observed results for both 
sets of values argues that the assumptions made in the calculations, including 
the low value for the tension necessary for cavitation, are roughly correct. 


The target used to obtain Figure 33 was an essentially completely free plate which 
is illustrative of several experiments. A small can filled with air was hung with 
its open end down and the disk was supported at the air-water interface on small 
clips which offered no resistance to its motion. The fact that no essential 
difference is shown between these experiments and the type illustrated by Figure 
29 indicates that platés mounted as in Figure 29 were essentially "free" plates, 


(c) Cavitation from objects other than plane surfaces. -- 4A single photograph of an 
early UERL cylinder taken 200 sec after impact of a shock wave from a 65 gm 
tetryl charge 30 in. distant shdéwed a considerable region of cavitation. This is 
seen in Figure 34; the cylinder is not shown because of the restricted field of 
view. The cylinder axis is parallel to the plane of the photograph and the top 
edge of the cylinder is in view at the lower edge of the picture. Figure 35 shows 
cavitation off the side of a 4.5 x 5 x 0.011 in. paint can 129 Je see after being 
damaged by a 25 gm charge 48 in. away. } 


Figures 36, 37, and 38 demonstrate that no cavitation occurs when a 1/4 in. 
piezoelectric gage, or a Hartman type momentum gage or a 5 x 5 in. cylinder of 
steel is hit by a shock wave from 250 gm of tetryl at 30 in. 


(d) Disappearance of cavitation. -- If the cavitation bubbles consist simply of 
water vapor, it seems hard to understand why these bubbles persist for long times 
after the pressure has returned to the hydrostatic level. In an attempt to cast 
some light on this problem, a series of experiments was performed in which cavita- 
tion was allowed to disappear spontaneously, while, in another series, auxiliary 
shock waves were passed into the cavitation region. 


Figures 39, 40, 41, 42, and 43 show a series of photographs in each of which a 
0.002 in. brass diaphragm supported by a 6 in. pipe was ruptured by a 25 gm charge 
12 in. away. The picutres are taken at different times after the impact as shown. 
The finest bubbles begin to disappear by 125 Ves and there is only a trace of 
cavitation left at 400 J eco 


Figures 44, 45, 46, 47, 48, and 49 show the effect of an auxiliary shock wave. 
The auxiliary charge, data for which are given in Table III, is detonated at the 
same time as the charge causing cavitation either by means of primacord or the 
simultaneous cap method. It may be seen that increase in the pressure of the 
auxiliary shock wave results in more effective destruction of the cavitation, 
that increase in time constant has but little effect, and that the large bubbles 
are much more resistant than the fine bubbles. 


(e) Cavitation caused by oblique reflection of shock waves from air-water interfaces. - 


Experiments were performed to discover whether there was a critical angle of 
reflection from a water-air interface beyond which no cavitation would occur. The 


1/ In computing the time at which the diffraction wave relieves the tension in front 
of the plate, it must be remembered that the front of the diffraction wave may actually 
reduce the pressure in front of the plate and only in later stages raise it, since 
initially the pressure is higher in front of the plate than in the surrounding water. 
It is only when the plate is surrounded by an infinite baffle that the diffraction 
wave is always positive relative to the existing pressure. 
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Table II. Summary of results of studies of cavitation from simulated free plates. 


Fig. Film Ingide Thick- Radius Charge Charge- Time R.(cale) R.(obs.) x,(obs) t,, (calc) t,(obs) 
No. No. Radius ness of of disk Weight plate  Con- v Yin.) (in.)  (fn.)  (Sicro- (micro- 
of pipe disk (in. ) (g dis- stant Q° radius Length pec) sec) 
eae (in. ) tance of aS of cavi- of cavi- 
(in. ) Shock vy) tation tation 
Wave - region region 
6 (mice ge 
rosec) 
T71 2.78 0154 1.65 25 24 32 1.59 1.98 1.5 2.0 47 48 
79 . LJ \ 150 Ld 44 2.19 1.78 1.5 24 56 53 
30 «680 iN a 1.00 W a 44 2.19 1.78 1.9 2.6 58 59 
83 1.78 L 1.65 25 12 24 1.20 1.12 alsal 1.8 42 46 
31 85 ® a ul 150 24 44 2.19 0.78 0.6 3.2 69 76 
32 «88 2.63 0255 2.33 LJ i 44 ales b} 1.46 alex 1.25 47 48 
93 1.55 +154 1.38 LU u 44 2.19 0.55 0.3 --- ? 66 
95 1.55 M2 250 LI 51 2.54 0.46 None --- No 74 
Cav. 
97 1.79 ~382 1.66 150 ® 44 0.88 0.48 0.3 1.8 59 67 
9 " " a ® * 44 0.88 0.48 0.5 2.5 72 81 
100 1.55 190 1.38 u Wl 44 1.78 0.48 0.3 2.4 58 59 
201 2.63 »502 2.47 25 12 24 0.37 1.80 ail 3.0 78 78 
202 1.80 382 1.76 250 24 51 1.02 0.33 0.2 2.8 76 85 
203 1.55 -190 1.34 W W 51 2.06 0.37 None --- 
204 1.80 1.06 1.63 " ul 51 0.37 0.04 None --- No 96 
Cav. 

214 1.60 0.150 1.55 25 12 24 1.20 0.95 0.90 2.2 48 54 
330216 " n Gi ® 24 1.20 0.95 1.0 1.2 4 38 
Table III. Experimental conditions applying to the photographs of Figs, 39 - 49. 

Target, .002 in. air-backed brass diaphragm over end of 6 in, pipe. 

Cavitation produced by 25 g loose tetryl charge. 

Distance from target to cavitation producing charges, 12 in. 
Auxiliary charge and shock-wave data Approximate time 


interval between 
Figure Charge Charge to Calc. Peak Calc. time impact of cavita- 


Number Weight shock wave press constant tion producing 
(g distance  (1b/in.*)  (m‘crosec) eee 
39 None 5 
40 None 125 
41 None 175 
42 None 225 
43 None 400 
44 25 20.5 4400 30 125 
45 150 40. 4000 49 235 
46 150 35. 4600 48 125 
47 250 44. 44,00 60 125 
48 250 14.5 13000 L5 125 
49 25 35.5 2500 35 90 
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water-air interfaces were provided by filling with air to hydrostatic pressure a 
6 in. pipe open on the bottom as shown in Figure 50. Other experiments were 
carried out substituting a 20 x 10 in. sheet metal trough for the pipe, and 
finally by using the surface of the sea on a calm night. It was found that such 
a critical angle existed ani was greater for greater size of surface. 


Ocean surface to compressed air supply 


Interface 
a Primary 
95 shock 
Reflected wave 

tension 

wave 


25g tetryl charge 


Figure 50. Sketch showing experimental arrangement for Figs. 51 = 56. 


The results of the experiments with the six in. pipe are listed in Table IV, 
and six representative pictures are shown in Figures 51, 52, 53, 54, 55, and 56. 
The critical angle is about 70° for the conditions of these experiments. 


Table IV Data of riments on Oblique Reflection of 
Shock Waves from Water-air Interfaces 


Distance, Angle of Estimated 
Charge Charge to Incidence Peak 

Film Weight Shock Front p Pressure 

No 8 in degrees 2 Cavitat 2 
256 25 23 1/2 0 3700 yes 
270 250 45 45 4200 yes 
258 25 22 1/2 50 3900 yes 
261 25 19 1/2 56 4500 yes 
264 25 19 1/2 62 4500 yes 
265 250 45 1/2 69 4100 no 
259 25 21 70 4200 no 
267 25 20 1/2 71 4300 ? 
269 250 46 71 4100 no 
257 25 23 90 3800 no 


With the large trough, pictures have been taken up to 80° and, using the surfac 
of the ocean, up to 83°. Cavitation was present in all cases, although it was 
much fainter at the larger angles. See Table V for complete date and Figures 
57, 58, 59, and 60 for typical examples. 
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Table V. Data of experiments on oblique reflection of shock waves from 
0 te) Water-a rface, and from ocean surface. 
Estimated 
Charge Charge-to- peak pressure 
Charge below shock at time of Angle of Qualitative 
Pig. Film bs surface front photogra; incidence description 
No. No. (g (in.) (in. ) (1b. /in.~) (degrees) Surface of cavitation 
57 = 281 25 6 20 44,00 73 Trough Heavy 
282 25 4 3800 81 " Heavy 
( Fig. 58) 
58) 9283) ) 250 2 45 3700 75 " Heavy 
284 250 8 46 3600 80 . Light 
( Pig. 59) 
285 25 12 45 2000 75 Ld Heavy 
(| Fig. 57) 
286 25 12 50 1800 76 " Moderate 
Fig. 60) 
59 288 25 12 68 1300 80 " Light 
289 25 12 70 1300 80 ® Moderate 
(| Fig. 60) 
297 25 12 73 1200 81 Ocean Moderate 
Fig. 60) 
401 25 g 75 1200 84 Le Light 
( Fig. 60) 
60 402 25 wu 1 1200 79 te Moderate 
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Investigation of the effect of shape of charge and point of detonation on shock wave 
and_bubble 


Photographs (reporduced in Figures 61 to 103) of the shock wave and bubble 
surrounding spherical, cylindrical and conical charges weighing approximately 1/2 1b. 
have been taken at intervals ranging from 10 to 200 microseconds after the initiation 
of detonation at various points in the charges. It has been found that the shock wave 
tends rapidly to become spherical after it leaves the charge. A graph (Figure 105) 
giving bubble size as a function of shock wave radius for spherical charges of this 
type is also included. 


The charges were all of cast pentolite and were bare except for a waterproof 
coating. The cylinders were cast in the following length-to-diameter ratios (keeping 
the weight constant): 1:1, 2:1, 4:1, 8:1. The cones were of the same weight as the 
cylinders and were equilateral. Timing of the detonation of the main charge and the 
flash charge was accomplished by the simultaneous firing of two No. 8 seismogr&aphic 
(SSS) DuPont caps connected in series, the delay interval being determined by a suitable 
length of primacord extending from one cap to the flash charge; the other cap was in- 
serted in a well provided in the main charge. One cylinder of each shape was detonated 
at the center and another at one end. Of the cones, one was detonated at the apex, 
another at the center of the bese and a third at the "center" defined as the point 
equidistant from the base and the conical wall. As control tests, photographs at the 
same time intervals were taken of cast pentolite spheres of the same weight and 
detonated from the center. 


The experimental set-up for these shots consisted simply of the main charge, the 
flash charge, the camera, and occasionally a translucent diffusing screen. The main 
charge was suspended in front of the camera by strings cast in the charge; the flash 
charge was mounted on the line from the camera to the main charge, and behind the 
main charge as viewed from the camera, The diffusing screen, when used, was mounted 
between the flash charge and the main charge. For the 10 and 50 microsecond series, 
the distance from the camera to the main charge was about 60 in.; the distance from 
the main charge to the flash charge was about 24 in. For the 100 microsecond series, 
the distances were about 76 in. and 32 in. respectively, and for the 200 microsecond 
series, the distances were about 112 in. and 46 in. respectively. 


In some of the spherical charge control shots, two straight steel rods 3/8" in 
diameter and about 6 ft. long were mounted perpendicular to the camera-charge axis 
and in the plane of the center of the main charge; the ends of these rods pointed 
toward the charge and were placed so as to be just outside the bubble at the instant 
of the photograph (Figures 62 - 64). Knowing the distance between the two ends, it 
was possible to obtain an estimate of the optical distortion of the bubble. The rods 
were sufficiently long so that the shock wave in the rod had not reached the far end 
of the rod at the instant of the photograph; hence, motion of the near end of the rod 
could not occur up to the instant of the photograph except by elastic compression of 
the rod. This amount is well under 0.1 in. in all cases. The ends of the rods were 
calculated from the photograph to be about 5% (2 to 8%) farther apart than they 
actually were which indicates that the diameter of the bubble must have been magnified 
by the shock wave by this amount. 


The photographs are reproduced in Figures 61 to 100. The 50, 100 and 200 micro- 
second series are complete; the 10 microsecond series is not complete, but the pictures 
which are available for this time interval are presented and also some other photographs 
which are of interest although they do not fall into any of the four time groups. The 
data for each figure appear on the page opposite the figure, and include lengths of the 
vertical and horizontal axes of the shock wave and bubble as determined from measure- 
ments on the original negatives and the lens equations. From previous optical tests 
(See III, 5, d), it is believed that the shock wave axes thus determined are accurate 
to within one inch. 


Each photograph is a double exposure due to the relatively weak flash of light 
given off by the main charge before detonation of the flash charge, the camera shutter 
being open during the whole interval. This causes an image of the original charge to 
appear on the filn. 
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Date for Figs, J]01 through 104: Miscellaneous Photographs ads 


Fig. 101 102 
Cylinder; diameter (in.) 2-1/2 1-1/8 
length (in.) 2-1/2 gy 
Detonated at center 
Eptimated time after detonation (sec) 25 83 
Shock wave axes (in.) 
Vertical 8.0 19.4 
Horizontal BAS 13.1 
Bubble axes (in.) * 
Vertical 4.9 12.7 
Horisontal 54 4e2 
Distance between inside edges 
of scale markings (in.) 7 13 


Fig. 103 


Cylinder; diameter ae} 1-3/4. 
length (in. 3-1/2. 


Detonated at top end. 


Fig. 104 


Flash photograph following 
detonation of Ensign-Bickford 
primacord. 


Shock wave just emerging from top. 


* Uncorrected for optical distortion. 
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Fig. 103 Fig 104 


Figs. lOl-lIO4 Miscellaneous photographs 


3. 


1025 


Because of distortion occurring in reproduction, horizontal and vertical scales are 
provided in the photographs in the form of black or white lines drawn on the prints. The 
distances between the inside edges of the lines corresponds in the actual experiments to 
7 in. in the 10 and 50 microsecond series pictures and the miscellaneous photographs, 
to 13 in. in the 100 microsec. series and to 26 in. in the 200 microsec. series. 


The pieces of some of the longer cylindrical charges which had been broken in 
handling were rejoined after fusion at the points of fracture. It is interesting to 
note that the remelted parts are visible in the photographs. In many of the photographs, 
twine, pieces of detonator wire, and part of the dqtonator itself are visible in addition 
to the charge, bubble, and shock wave. 


The focal length of the camera lens was determined at two distances by photographing 
a grid underwater so that calculations based on the lens equations could be made. In so 
doing, it was found that the lens used gave some "pincushion" distortion of rectangular 
objects, but this distortion is not sufficient to change the relative axial lengths by 
an amount greater than 0.6 in. 


Figure 105 shows the relation between bubble radius and shock wave radius for 1/2 
lb. spherical charges of cast pentolite, Since the time intervals for these shots can 
be estimated from the positions of the shock waves, an approximate time scale is also 
included. 


Figure 106 indicates the rates st which the shock waves from the asymmetric 
cylindrical charges approach a spherical shape. 


ime-constant mea ments of shock wave tical di on. 


Several photographic methods have been developed which allow calculation of the 
peak pressure of a shock wave, and for one of these methods the calculations have been 
extended to make possible an evaluation of the time constant of the shock wave. These 
methods make use of the fact that light rays passing through a shock wave at favorable 
angles are considerably distarted due to the increase of refractive index in the region 
of high pressure. A detailed theoretical discussion of these methods is to be found in 
Appendix II. 


(a)  Spheric hock wave; c e not on the optical axis; charge in grid plane. -- 
The arrangement with which most of the work has been done involves placing a 
transparent lucite grid marked off with lines 1/4 in. apart in front of the 
camera, and the shock-wave-producing charge off to one side and in the same 
plane with the grid. (See Figure 133, Appendix II.) A flash charge is placed 
behind the grid and is timed by means of primacord to go off when the shock wave 
from the main charge is crossing the grid. The results of both peak pressure and 
time-constant determinations from four shots using this method agree eseentially 
with UERL piezoelectric results for similar conditions. 


(4) Peak pressure. Two of these four shots were made with 250 gm tetryl as 
the main charge, and the photographs were taken when the shock wave radius 
was about 15 in, One of these photographs is reproduced in Figure 107. The 
theory (Appendix II.1) relates the amount of apparent displacement of an 
individual intersection of grid lines with the average refractive index of 
that section of the shock wave through which the corresponding light ray must 
pass. This average refractive index is then converted to the corresponding 
pressure, Paye This calculation is made for several grid intersections at 
different rettii, Plotting (on semi-log paper) log p,, against the corres- 
ponding distances of the mid-points of the refracted Prght rays behind the 
shock front, ({RI - r,,), a straight line is obtained to within the pre- 
cision of measurement. Figure 108 is such a plot for a shock wave 14.9 in. 
from a 250 gm tetryl charge, while Figs. 109 and 110 are the results of 
measurements on two different prints of another shock wave 14.4 in. from 
250 gm tetryl. The average deviations from the straight lines drawn are 
approximately 7%, 6%, and 3%, respectively. The peak pressure is assumed 
to be the extrapolation of this line to zero distance behind the front. Any 
errors introduced by assumption that the calculated Pay's correspond to the 
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Approximate time scale eat 


10 80 30 40 50 60 70 80 


Bubble radius (in.) 


Shock-wave radius (in.) 


Fig. 105, Bubble radius vs. shock-wave radius for $ lb cast pentolite 
(spherical charge). 
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Shock-wave radius of spherical charge 
after same time interval (units of charge radius) 


Fig. 106, Ratios of long axis to short axis of shock waves 
from asymmetric cylinders vs, shock-wave radius (in charge radii) 
for spherical charge of same weight and after same time, 
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Pig. 108. Pyy vs. [Bl ~ ray. 
(250 gm tetryl at 14.9 in.) 
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Fig. 109. Pay v8. {RI cs Fave 
(250 gm tetryl at 14.4 in.) 


110. Pay V8. |R| - ryy. 
gm tetryl at 14.4 in.) 
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Fig. 107 Typical example of optical distortion 
photograph. Film 418- 250 gm tetryl at 14.9 in. 
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points of mean distance of the light rays behind the shock front should go 
to zero in this limit. The peak pressure obtained from two prints of the 
same shot (Figures 109 and 110) agree to within 4.5% (17,200 and 18,000 
lbs./in.2). Correcting the result from Figure 108 (pig, = 16,700 1bs./in.2) 
to a shock wave radius of 14.4 in., using a distance exponent of 1.13, one 
obtains a pressure of 17,400 ibs./in.2, which agrees with the average of 
Figures 109 and 110 to within 1.5%. 


This method of peak pressure determination was also applied success- 

fully to the other two shots, consisting of ca, the equivalent of ca. 

364 gm TNT and using a shock wave radius of ca. 16 in. Measurements 

were made at several pairs of grid line intersections for each 

of the two films. The values of log p,, were plotted against (IRI - ray) as 
before and one straight line was drawn through the data from both films, 
since the value of iRi, the shock wave radius, for the two films was identical. 
Extrapolation of this line to |R|I - rz, = 0 gave a value for Ppax of 17,050 
lbs./in.2, This plot is given in Figure 111. The average deviation of the 
points from the straight line is ca 5.5%, with no systematic difference 
between the points for the two shots. 


(ii) Tdme-constants. The results for the two torpex shots were also used for 
calculation of time-constants of the shock wave. Since the detailed 
development of the theory, together with a sample calculation, is given 
in Appendix II, only the results will be reported here. In general, the 
calculations are considerably more tedious than for the peak pressures. 


Five points were used in the calculations, two from one shot and three from 
the other. The ones whose images were the clearest, and thus the most 
accurately measured, were selected. They were picked from the plot of 
Figure 111 at different yalues of ({RI - ry) and at different deviations 
from the line. The results of the calculations are shown in Table VI. 


Table VI. Results in the evaluation of time constant. 


— No. Point No. (RI 1 ae 6. ae D,. e, a 
536 22 0.61 B515 14.76 3901 
537 5a 0.63 3.39 4.72 41.3 
537 12 0.94 3.23 4.11 39.6 
536 8 0.97 3.68 14.03 43.8 
537 18 1.13 3.09 13.71 38.1 


Av. @, = 40.4 (sec, average deviation from mean = 1.7 yi deedd 


It will be noted that there is no systematic trend of 0, with distance 
of the point selected for calculation behind the shock front ( {RI -ray). 
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(b) 


(c) 


(a) 


(i441) Summary and remarks. As shown in Figure 111, the peak pressure of the shock 
wave produced by ca.364 gm TNT at 16.0 in, is 17,050 lbs./in.2, The results 
for both peak pressure and time constant are in essential agreement with 
piezoelectric results obtained at UERL both for small bare charges and depth 
bombs (scaled down). The agreement is within the accuracy of either method 
for these experimental conditions (ca 10%). 


This experimental method has the disadvantage that the results obtained are 
rather sensitive to the geometry of the experiment. For example, to obtain 
the desired accuracy for these shots, the point at which the line from the 
camera lens, perpendicular to the grid, intersected the grid had to be deter- 
mined in the actual set-up to within 1/16 in. For this reason, a single 
rigid frame had to be used to support the camera, the main charge, and the 
grid. It has been demonstrated, however, that the method is satisfactory 

if the experiment is carefully set up. 


Further experiments in fresh water for comparison with those made in salt 
water should be done. 


Spherical shock wave; charge on the optical axis; charge in prid plane. -- 
The theory for peak pressure determination has been worked out for an experimental 


arrangement similar to that of Section (a) except that now the charge is located 
directly in front of the camera (See Appendix II, 2). Figure 112 (Film 526) 
shows a photograph obtained according to this method. 


Non-spherical shock wave; charge on the optical axis; charge in grid plane. -= 
The theory for peak pressure determination has also been worked out for an experi- 


mental arrangement similar to that of Section 3(b) except that the shock wave 
surface is not required to be spherical, but expressible only by some definite 
equation of the form f(x, y, z) = 0 (See Appendix II, 3). 


Spherical shock wave; charge on the optical j charge in front of grid plane. -- 
Partly to increase the amounts of distortion measured on the photograph, and thus 
improve the precision of the measurements, and partly in an effort to find an 
experimental arrangement in which less precision would be necess in setting up 
the apparatus, one photograph (reproduced in Figure 113 (Film 531)) has been 
taken in which the grid was mounted in back of the charge, as viewed from the 
camera. Inspection of Figure 138 in Appendix II, 4 will show how the measured 
distortion is increased by allowing the refracted ray, (considered as projected 
backwards) to traverse a greater distance than in the other experimental set-ups. 
Another evident advantage of this arrangement is that at the time of the photo- 
graph the shock wave need not have reached the grid, so that there is no danger 
of mechanical distortion of the grid. 


In this particular shot, the charge was 250 gm cast pentolite and was placed 51 in. 
in front of the camera. The grid was positioned 8 in. behind the charge, and a 
flash charge 28 in. behind the grid. Since the charge and grid are at different 
distances from the camera, both the shock wave and the grid cannot be in perfect 
focus, but this is not likely to be troublesome if a reasonably small lens aperture 
is used. 


Not enough work has been done using this method to warrant a comparison with the 
method described in Section III, 3, (a). 
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of ca.364 gm TRI at a value of IR| of 16 in, 
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4. Gylinder Damage 8/ 


(a) 


(b) 


(c) 


(a) 


introduction. -- After some of the early UERL experiments on damege to cylindrical 
targets by explosions, it became apparent that bubble pressure was contributing 

to a considerable extent to the damage. Since bubble damage does not scale in 

‘the same manner as shock-wave damage and since the gross damage is the result of 
both bubble and shock wave damage, a preliminary step in the interpretation of the 
cylinder results is the separation of shock wave and bubble pulse damage. The 
easiest way to effect this separation is by photography. 


Still pictures. -- Preliminary still photographs taken between the time of impact 
of the shock wave and the first bubble pulse showed that damage was by no means 
complete compared with the final condition of the cylinder. These pictures, some 
of which are shown in Figures 114, 115, 116, were taken with a photoflash lamp 

so that the act of photographing the cylinders does not contribute to the damage, 


Slow speed movies. -- Some motion pictures were then Late with the Victor 
camera of 3 simple, small cylindrical shells of the S type 8/ and one supported 
cylinder of the SA type being damaged by a 25 gm charge. These showed that the 
unsupported cylinder was practically undamaged until the time of the first bubble 
pulse and was damaged by both the first and second pulses. The supported cylinder, 
on the other hand, was damaged essentially completely by the shock wave. 


High speed movies. -- Still another series of experiments was performed with SD 
class cylinders at depths of 200, 400 and 580 ft. The photographs were taken with 
the Eastman high speed camera with #31 photoflash lamps for lighting. The 
apparatus shown in Figure 16 was used. A representative film is reproduced in 
Figure 117. It shows that the cylinder was relatively stable after it was damaged 
by the shock wave but collapsed completely soon after the bubble pulse. This 
sequence of events was not followed for closer shots; in some of the latter, 
instability resulted from shock wave damage. 


The sharpness of this series is due to the unusual clarity of the Bahamas water 
in which the pictures were taken. The Secchi disk reading was about 135 ft. 


A sonr ley? description of the cylinder results will be given in a forthcoming 
report. 


5. Miscellaneous experiments 


(a) 


(b) 


Mach effect. -- Three pictures were taken of intersecting shock mayer having a 
peak pressure about 700 times hydrostatic pressure (7/ 9,500 lb./in.“). In two 
cases the intersection was obtained by reflecting the shock wave from a 50 gm 
tetryl charge off a 1/2 in. steel plate 12 in. away, and in the third case, y 

the shock waves from two appropriately placed 50 gm charges. (See Figure 118). 

In all three shots, the charges were approximately 12 in. from the point of inter- 
section of the shock waves. The resulting pictures are Figures 119, 120, and 121. 
The angle of intersection of the shock waves shown is 64°, 71°, and 71° respective- 
ly. The Mach effect appears quite strongly in the last two cases. A fourth 
picture with an angle of intersection of 45° is presented for comparison in Figure 
122. This angle is outside the Mach region and no Mach effect shows although’ the 
appearance of the shock waves is somewhat distorted due to refractive index dis- 
continuity. 


Shock wave from 300 1b, charge. -- A single flash picture of the shock wave from 
a 300 lb. charge was taken in the Bahamas at a distance of 65 ft. and is presented 


in Figure 123 to show the possibilities for full scale photography in clear water. 
Although lack of time prevented us from following up this promising lead, it is 


These cylinders are described in a report by J. C. Decius and P. M. Fye, Damage to 
aa 
el Cyli cal She Underwater Explosiong, NDRC Report No. A=369, 
OSRD No. 6247. 
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UNIT OF TIME = | MSEC 


a 


FIG: ALC 
GYLINDER NO. SD-47-29C 
GHARGE: 25556. PRESSED: TETRYE 
CYLINDER DEPTH: 580. 
CHARGE DISTANCE: 28° 
OOR: OVERALL= 0.26%, FRONT 90° =0.12% 
BUBBLE PERIOD: 7.9 MSEC 
CAMERA SPEED: 2500 FRAMES/SECG 


1036 


*T@l °3ty A0y quoweF%uerze Jo fuoyTyTSod elewed WoTy ‘MOeTA OT ZEMEYOS 


eyuory yoeus 


T41904 
esooT wz OS 


"STL °3W 


15518 


eZ1eyo yseTy 
0} ploow Td 


54 


1037 


3 


é 


‘Bid 


S8ADM ydOUS BHuljoaSJal}u| 


1038 


‘anbiuyoa} asnsodxa 


aiqnop Aq suoljisod om} 40 paydob 
-ojoyd aADM yI0YUS = “bal “BI 


‘DAQWDD WO1Y $3 GQ absDyuD Gq} OOS 
WwOdJ BADM YDN0US ‘¢zZi bid 


(c) 


(a) 


1039 


obvious that good pictures can be taken under these circumstances. A large edition 
of the conventional flash charge was used and the equipment, including flash charge, 
depth charge and camera was strung out on a line supported by floats. The line was 
stretched out by a small boat, 


Pressure of shock wave determined from shock wave velocity. -- One measurement of 


average shock wave velocity was made by a double exposure technique. Two flash 
charges were employed and set off about 246 hase apart. It was intended to 
obtain this time difference accurately by me4ns of piezoelectric gages strapped 

to the two flash charges and recording on an oscilloscope. This part of the experi- 
ment failed, and the time difference can be estimated only from the length of 
primacord used to delay the second flash charge. Figure 124 shows the shock wave 
at the two positions and a steel scale 15.66 in, long. The shock wave came from a 
third charge to the left of the field of view. The average velocity determined 
from this shot is about 5180 ft./sec., or about 270 ft./sec. greater than acoustic 
velocity for the conditions of the experiment. This corresponds to a pressure of 
about 8,000 lbs./in.2 averaged over the time interval. The average pressure over 
this period as determined from piezgelectric gage measurements under similar 
conditions is about 11,000 lbs./in.~. Considering the inaccuracy of the time 
interval measurement, this agreement seems setisfactory. It is to be noted that 
since the excess velocity (over acoustic) determines the pressure of the shock 
wave, the accuracy of the measurement of the total velocity must be considerably 
greater then the accuracy desired for the pressure to be determined. 


Experiments showing that the apparent positions of the shock wave coincides 


closely with its actual position. -- Three experiments have shown that, under 
the conditions ordinarily employed at UERL, the position of an underweter shock 


wave is within 1/2 in. of the position indicated by its flash photograph. 


In one experiment piezo gages were used to obtain the time interval between the 
time of the photographic flash and the time the shock wave reached a knowm radius. 
From the knovm velocity of the wave it was possible to calculate its true radius 
at the time of the photograph and compare it with the value computed from the 
photographic image. 


The 250 gm sphere of cast pentolite which produced the shock wave to be photo- 
graphed was detonated simultaneously with the initiation of a 46 in. length of 
primacord leading to the flash charge. The time of the photograph was thus about 
185 / sec after the start of the shock wave. A small tourmaline gage fastened 
to the shock wave charge served to turn on the oscillograph spot for a rotating 
drum camera, while a similar gage on the flash charge signalled the time of the 
photograph. A third gage 17 1/4 in. from the shock wave charge noted the arrival 
of the shock wave at this radius. The diagram shows the arrangement used. i 


+= positions of piezo gauges 
Camera 


[ +#e-—___—_—_ 
+18 


Figure 125. 


The radius at the time of the photograph was 14.7 + 0.2 in. as calculated from 
the positions of the gages and the measured time intervals. Values for the 
velocity of sound were taken from "Tables of the Velocity of Sound in Pure Water 
and Sea Water for use in Echo Sounding and Sound Ranging" (Second Edition) by 

D. J. Mathers. These were corrected for the effect of finite pressure in the 
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shock front by means of the data of Kirkwood and Montroll. o/ Since the distance 
between the shock wave and the piezo gage at position A was only 2.25 in. at the 
instant of the photograph, these corrections amount to less than 0.25 in. 


4 similar experiment was carried out with the shock wave charge just out of the 
field of view and with a diffusion screen between the flash charge and shock wave. 
The whole set-up, shown in the diagram below, 

Screen += Positions of 


Piezo Gauges 


Camera 


Flash Charge 
and Reflector 


@+ 
Charge 
Figure 126 


is similar to that used in this laboratory for cavitation studies. The resulting 
photograph is show in Figure 129. From it one obtains a distance of 3.44 in. 
from the shock wave to the piezo gage as compared with a value of 3.36 in. calcu- 
lated from the piezo records. 


A third experiment compared the image of the shock wave with the projection of its 
shadow on a translucent screen. No piezo gages were involved. Two translucent 
paper screens were put in the same plane with the shock wave charge and perpendicu- 
lar to the line from the camera to the charge. The charge and screens as viewed 
from the camera are sketched below: 


pistieto 20 Fea. 


The whole set-up is shown from the top in the following sketch: 


Figure 128 


ssure wave produced an underwater explosion IJ, July 1, 1942, by J. G. 


Kirkwood and E. W. Montroll, OSRD Report 670. 
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(e) 


The resulting picture is reproduced in Figure 130. The image of the shock wave 
sphere and the image of the shadow projection of the shock wave sphere are seen 
nearly to coincide. On the average, however, the radius of the shadow projection 
appears greater than the radius of the shock wave by an amount corresponding to 
0.25 in. The geometry of the experiment would require a radius difference of 
0.65 in. The discrepancy is within the limits of experimental error. 


Luminosity =: charges exploded underwater. -- It is shown elsewhere in this report 
Sec. III, 2) that bare charges of cast pentolite were observed to emit light when 
detonated underwater. Photographs indicate this light to be of very short duration, 
probably less thanl ésec, because of the detail visible (numbers on the charges, 
cracks, etc.) and because there is no blurring. Foreseeing possible uses for this 
flash of light (e.g., accurately signalling at a distant point by means of a photo- 

electric cel? the time at which a charge detonates), several tests were conducted 
to determine if a cased charge would emit light on detonating underwater. 


In all tests, the charge, weighing from 1/2 to 1 lb., was placed 5 ft. in front of 
the camera and the lens aperture was set at f:3.5. A short piece of primacord, 

to be detonated simultaneously with the charge, was also included in the field of 
view to serve as a standard for comparison, since primacord had been found to emit 
light on detonating underwater (See Figure 104). All tests were conducted at night. 


The results showed that a heavy opaque casing reduced the emitted light to the 
extent that it was no longer detectable. For example, a charge wrapped with black 
rubber tape and detonated barely showed on the film, and a charge enclosed in a 
piece of steel pipe with pipe caps on the ends resulted in no image at all. Less 
heavy casings, however, such as 1/16 in, thick brass tubing, tin cans, and black 
lacquer resulted in weak but definite images of the charge and sometimes streamers 
of light emanating from the charge. There was some indication that aluminized 
explosives (torpex and minol) emitted more light than tetryl or pentolite under 
the same conditions, but the evidence is insufficient on this point. 
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APPENDIX I 


THEORY OF PRESSURE IN FRONT OF AN AIR-BACKED FREE PLATE 
ACCELERATED BY & SHOCK WAVE 


When a plane shock wave strikes a free air-backed plate head on, the pressure in the 
water in front of the plate first rises as the original wave passes through it, then risen 
still further as the reflected shock wave returns from the plate. The pressure on the plate 
causes it to begin to move and its motion reduces the pressure, sending out a rarefaction 
wave. Consequently, the pressure out in front of the plate, after rising twice, then falls 
&nd actually goes negative, provided that cavitation does not interfere. The pressure can 
be calculated under certain simplifying assumptions; namely, the plate is assumed to be made 
of an infinitely rigid material, to be of infinite extent (but finite thickness), i.e., a 
rigid body whose motion is restricted only by its inertia. It is also assumed that cavita- 
tion does not form and that acoustic (small amplitude) theory can be used. 


The pressure at a point x (measured positively out into the water from the initial 
position of the plate) and at a time t (measured from the time the original wave strikes 
the plate) is the sum of three terms: 


(1) The pressure due to the original shock wave (assumed to be exponential 


in shape) 
t+% 
= (I-1) 
8 
Poe » fort poe , 
(2) The pressure due to the reflected wave 
coat 
t) 
Py @ » fort > $ ; (1-2) 
(3) The rarefaction wave from the motion of the plate 
- pou for t > = (I-3) 


In the above, p, is the peak pressure and @ the duration parameter of the 
original wave,~ gis the mass per unit area and y the instantaneous 
velocity of the plate, ¢ the velocity of sound in water, and the 
density of water. By Newton's law the sum of these pressures (acting at 
x = 0) will give the plate a velocity. 


us Bike aE, Fou (e“t/® -6 5 At/e) ’ (I-4) 


mn (4 -1) 
in which B =/ c0/n. Cea this value of u in the expression 
for the pressure at x the proper value of the time to use is t-x/ce because 
of the propagation time. It is convenient to measure pressure in terms of 
P,» time in terms of @, and distance in terms of c@; i.e., P = p/p,, T = t/0, 
= x/c@. Then the sum of the three terms becomes 


Pp =e“ (THX) . at en (T-X) + fa e-~ A(t-x) (1-5) 


an equation valid only for T 2X. These considerations navurally hold 
only so long as cavitation does not take place. 


Figure 131 shows some of the contour lines for P plotted against time T and distance 
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X = x/cO 


Fig. 151. Pressure before accelerated free plate. 
Contours for P = p/p, vs. time and distance (6 = 85 =Ac0/m). 
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X, both in reduced units. B = 83 in this case, representing a very light plate, or a 
charge of great duration. The cashed line represents the front of the reflected wave. Below 
it the pressure is positive due to the original shock wave. Above it the pressure is at first 
positive and then falls steeply dom into a valley of negative pressure. Except for the dis- 
continuous rise and steep fall near the front of the reflected wave (X = T) the contours for 
this case closely approximate the case of a free surface. 


Figure 132 shows similar contours for @ = 4, a heavier plate (or smaller duration). In 
both cases it will seen that the pressure falls to zero first at the plate, in a finite 
time T = h/(B “it Ln . It reaches negative vlaues first out in the water and below 
a certain limiting negative value the given contour never reaches the plate at all. 


Assuming that the theory applies between the shock wave and the cavitation front, and 
that cavitation occurs at p = O we get, on solving Equation (I-5) for the time at which the 
pressure falls to 0 at reduced distance X, : 


x 
Tet/o = -77 Ln OE Ei Ned (1-6) 


(A+ ene (4-2) e* 


In Table II, the measured values of (farthest distance of cavitation from plate) are 
substituted in Eq. (I-6) and the calctilated values of T are compared with the times computed 
from the position of the shock wave. 


In order to determine the radius of the cavitating region at the plate, it is necessary 
to take account of diffraction. 


A very rough treatment of the effect of the diffraction wave is as follows. The same 
basic Eq. (I-1) can be used to compute the time T at which the pressure in front of the plate 
has fallen from 2p, to a value equal to that outside the plate, p(7). For this purpose 
X = O (surafce of plate) and p/p, = e~! so 


T= Bay Ln fa (I-7) 


Beginning at time J a pressure wave will spread inward from the edges because the pressure 
in front of the plate is being lowered by its motion. This pressure wave will reach a radius 
pat time [1+ (R-r)/c] . If the pressure at r has fallen to zero before this time, it 
is postulated that cavitation will extend out to r, but if the diffraction wave reached ¢ 
first then cavitation will not extend to y. Consequently, this theory predicts that the maxi- 
mum radius of cavitation Re will be determined by the equation 


T+ — = 0, (1-8) 


where o¢.* the so-called cavitation time, i.e., time for p to fall to zero at the front of 
the plate. If E =() in Eq. (I-6) t = @ s0 


@ @ L uh (I-9) 


Ets Due Be2 (1-10) 


The latter equation expresses the result in a dimensionless form, in which the distance in from 
the edge of the disk, R - R, is measured in terms of the length unit c@. In the case of a 
plate surrounded by en infinite rigid baffle, T= 0 and Eq. (I-10) becomes: 
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R-R, 
= r ~ A xp (I-11) 


c@ 


This is the equation previously used as a cavitation criterion in connection with the photo- 
graphs of the UERL diaphragm gage which is a baffled gage. 


Editor's note: Appendix II, pages 66 to 86, by R.R. Halverson, 
appears as a separately published paper in this volume, 
just preceding this paper. 
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APPENDIX III 
CIRCUIT DIAGRAMS OF CAMERA TIMERS 


1. Timer for high speed camera L/ 


Timing of the film speed of the Eastman High Speed Camera Model III is accomplished 
by photographing periodic light flashes from a small neon bulb synchronized with an 
oscillator. The bulb is mounted close to the film on the inside of the camera. The 
timing marks appear along the edge of the film and are photographed simultaneously with 
the recording of the phenomena under observation. Operating at 3000 frames per second, 
the maximum speed of the camera, the circuit shown schematically in Fig. 139 produces 
one mark on the film every third frame. Under these conditions the distance between 
two adjacent marks can be measured to one tenth of one per cent (i.e. to one 4 sec) 
by the use of an optical comparator. 


The circuit was designed to operate from the output of a 1000 cycle per second 
tuning fork (General Radio Type 813A) although it can be used with other sinusoidal 
oscillators operating at different frequencies if slight changes are made in some of 
the circuit constants. The accuracy of the film speed determination depends on the 
accuracy of the oscillator frequency. 


The essential parts of the circuit are a clipper (tubes T5 and T3) which converts 
the input sine wave into a square wave; a counter circuit (Ts and Tg)” which divides 
the input frequency by two; a short duration pulse generator (T7 and Tg); a power output 
tube (Tg) to drive the neon flasher, and a tuning eye (Tj) to indicate the voltage of 
the sine wave from the oscillator. 


The neon bulb operates satisfactorily when cables as long as 1000 ft. are used 
between the timer and the bulb; this is the greatest length of cable which has been 
employed. The current in the neon bulb is adjusted by the potentiometer in the cathode 
circuit of To in order to control the intensity of the bulb; about 5 mamp is used at 
1000 cps and 3 mamp at 500 cps. 


This circuit can be used with an external power supply operating from a power 
line and delivering 300-500 volts at 40 mamp, in addition to current for tube heaters, 
or from a 6-volt storage battery if other power is not available. It is desirable to 
use a different source of power for operating the circuit than that used for operating 
the camera because, when the camera starts, a very large surge is introduced which 
may affect the operation of the electronic circuit, particularly if the power is 
obtained from a small generatcr, A Mallory Tyep VP-552 vibrapack and a filter section 
are built into the unit for opsration from a 6-volt battery and a Mallory Type 107 
battery charger is included for charging the storage battery from a power line. The 
1000 eps tuning fork, the vibrapack and the battery charger are included in a portable 
wooden carrying case which houses the electronic circuit. 


2. Timer for Jerome camera 


Inasmuch as the requirements for the Jerome camera were much less severe than 
those for the Eastman High Speed Camera because of the lower speed required, a simpler 
circuit shown in Fig. 140 was used to drive a neon lamp. A 50 cycle, single contact 
electrical tuning fork excites this unit. The signal from the fork is amplified 
and sharpened into short duration pulses in the first two stages and then applied to 
the grid of a Strobotron tube (SN4). The SN4 fires on each pulse, discharging the 
4 ft condenser through the transformer in its plate circuit. The output of this 
transformer drives a 1/4 watt neon bulb mounted in the camera and connected to the 
timer unit through a cable. The short discharge time of the 4 #f condenser insures 
short duration light pulses from the neon bulb suitable for dotting the filn. 


This is discussed in more detail by G. K. Fraenkel, Apparatus for the measurement of 
urst pressure means of piezoelectric es, NDRC No. A=-373, OSRD No. 6251, 
Chapter 9.3. 
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APPENDIX IV 
GASKETS AND STUFFING BOXES FOR CAMMRA CASES 


We have found that gasket and stuffing box design for our camera cases is not very 
critical. No special effort is made to achieve very close tolerances on gasket surfaces. 
However, whenever practical we put the gasket in a tongue and groove type of joint. The 
only gasket failures we have had have been due to static and not dynamic pressure. At a 
depth of 600 feet, for example, we found that we could not use our ordinary 1/8 to 1/16 inch 
rubber gasket because it squeezed out. Thin Vellumoid was found satisfactory in this instance. 


We have used two types of stuffing boxes for electrical leads with equal success. In 
the first type (see Fig. 141) the rire cable led through a hole in the case vhich was packed 
with compressed rubber, In the second type (Fig. 142), an insulated metal jack was put 
through the case and electrical connections were made on both sides of the jack. The second 
method is perhaps preferable in deep water because there is no chance of water leaking into 
the case through a hole in the cable insulation. 


90 15518 


1052 


*“oJDeUUOD UT-pesT OTT sTFuTS “ZT *3Td STARS) OFAQ0OTS tOs: MOG SPINA eco ana) 


WANS 


edey wopqoyas pue |, 


‘ede teqqna ‘yp\60g 


LZ KS 


moios ded prey JezSTT TTI Z£-OT 
w 


Buyyowd 47360g 
pue teqqny 


SIET[OD OFTON] 


aN 


elTM epysuy 


deo [ewuczExey 


eTqeo soJoONpUuoD Z 


15518 


91 


THE DECAY OF PLANE, CYLINDRICAL AND 
SPHERICAL SHOCK WAVES 


A. J. Harris 
Road Research Laboratory, London 


British Contribution 


September 1942 


OX = =H 
c J 
é 


> 2 
oi 


a ie 2. i 
—- : 
ola ’ ~ ~ 
— ae 
~ ee 
——— 
- 

; ae 
= Pe | : 
_ - a * : a ; 7 

2 4 ~» = i *. _— 7 a —o — = etn — = a iat 
: a al, 2 7 a -s ie ee i 4 —_ _ ee ee > 
& oa are eer ere ea eS ea Re ae 


1053 


THE DECAY OF PLANE, CYLINDRICAL AND 
SPHERICAL SHOCK WAVES 


A. J. Barris 


Road Research Laboratory, 
London 


September 1942 


* * * * * ** 


Summary. 


Exoressions are Jeducea connecting the rate cf decay of the pressure at a shock front in 
a soherical cylinarical or olane wave witn tne scace rates of change of oressure and particle 
velocity Dehing thexsnock front. it is sujyested that these may De used t derive some idea of 
the tnickness of a Shock wave when its rate of cropayation has been determined as a function of 
time. 


we sHall consider cnly the scnerical wave, since the olane wwe is merely a oarticular 
case of this mors -genoral tyoe, Taylor(1) has given an approximate exoression relating tne rate 
of decay to the stoce of tne wave immediately benind the shock front. The eres2nt analysis 
results in & more accurate ralation, morecver the cerresoonding results for soherical and 
cylinarical wayés given here are new. 


Assuming soherical symmetry in the wave we take spnerical co-ordinates with origin at 
the centre of the snock front. 


r = distance of coint from crigin of co-ordinates. 
t = time, 
u = oarticle velocity in direction cf r increasing. 
P = Gensity of yas. 
c = oressure in jas. 
ay "= cressure immediately behind shock front. 
ws, = velccity of oarticlss immediately Denino shock front. 
Dy = velocity of shock front, 
a Gensity of yas Dehing shock front. 
2 =. radius of shock front sohere at time t. 


Equations of mction ano continuity are 


Ou OL TS st ROK 
Eitan ike ayes (2) 
224 4 Dlr? py = 0 (2) 


Py 4, >, P, ana R are functions of t only and we have 


C) 2 
obus eee te fe} Ze ENp ou at eag (3) 
at =6Ot Sonn 
4p, Cy) ap 
——_ = ese + Db — t = F ) 
dt t 1 Or es (4) 
Gu, 3 u “ Cl) u i > 
Ko 2 Se Db = oe 
Athen Sten > 2 Omen (5) 


i} - ‘ fF 
Let By Jenote the rate of cnanue asscciateo witn a carticular jas varticls, i.e, 


abe. 2 


So 
al 
oy 
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~2= 

We have 
Do = Op + ou do (6) 
ot ot or 

also Oo 2 ,2 | (7) 
ot ot 

where ¢* is a function of P or 0 and the carticular oarticle under consideration. 


Then from (3) ana (6) 


a0, Do Op do Ch) a 22 Be 
se ut Oe = (Db, mee tc | tt 
at Ot or lor 2 or ot or 


(b, - u) Oo, ee [-3 zo (Fp + u2e | using (2), 


and finally 


ap Op Ou 2p cu 
ahe (hh. on) es 6 Spas where r = R 8 
ot Wh or Pp or r (3) 
Again from (1) and (5) we have 
du, Ju Ou Gu 1 ip Ou 
— = —— + DOD U——-—-- —— + D — 
t t Lor i jd Olt 1 or 
(vb, - u) OU. 5 AC reset (9) 
Or por 
Eliminating a from (8) ana (9) we have 
r 
do 00 du,. 1 A0 2pce 
Pet) 2 Sane ke alee a ee ie a) 
t or at por r a 
dp au 2 2 = 
(b, - u) -—+ + cp — = Op UU emeeee Ne P cu (d, u) 
at ot or 1 r 
where r = R (10) 


Since all terms in (10) refer to tne coint immeadiately behina the shock wave we may 
rewrite (10) as 


Qo du Jo 2 p,6.2u. (bd, =u.) 
(b, - “l= + SPL = 2 a { (by - uy)? - c,? )- Rb 
(11) 


where cy is the value of c aporopriate to yas just behina the shock wave. 
The Rankine Hugoniot theory(1) of the shock waves gives 


a a, (0. - 0) 
7s OE ayieey +a) ic, 2) 


a fy 1) o+ly+ 1) Dy 
(> (13) 


oO 
° 
u 
” | 
o oO 
fe} 
— 
= 
> 
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(y= 1) 0 + (y+ 1) > 
e SS en (16) 
Py Po (y + 1) ae (y= 1) 0) 


where the suffix o refers to the undisturbed yas. 


using (12)-(16) we can eliminate from (11) all quantities witn the suffix 1 exceot 04. 
When tnis is done we cbtain the result 


Gop ne es (peed) yee y= ye eee 

= + eS bY 

dt Ovey {yy -1+y (57% ~y+ 2 + y* (2¥°+y~- 1) } R yi R 
(17) 

where a,/ hs is denoted by y. 

Sincs aR = p,dt we may write (17) in the form 

co (y-1) {y+ 1+ (ly- 1) y} Oo uy oy 

eles = ty + 1) Se ee at 

aR (yeasty BY -y+ Dey AY ry-1) | OR yea R 
(18) 


The formula for olane waves is cbtained by going to the limit as R~®, The term 
containing R is simply dropoea from equations (17) and (18). Taylor's formula fcr the plane 
wave is 


do Bo 

Fauna te lame eae or 

CO a EES Ne eee) 8 

ot ay f y-1+ \y+ 1) y eee Y Neder 
(15) 


which differs from (17). The discrepancy is due to Taylor's assumption that a given value of 
pressure just behind the shock front is cropajated forward with a velocity cy relative to tne gas. 


{f instead of au we nad eliminates oo from (8) ana (9) we snoula nave found 
r r 
dp au 3 2 p,c,2u 
1 = 1h u a 2 dete 
ea es a ris, UG SAM) Soils ge 4 
or 
Decline, eee Bet vO ae x 
dt Cig ae { sy +1) +5y- 3} R JP, 
aya iat) Vey eee yeaa) 
BAe ee (21) 


{ x (y+ 1)+5y-3} 
or 


Oo dine Bg ee Oral ey lyn. ely et) ye Tae someway 
aR eR c¢, By (Y+-1) + Sy - 3 i Got e aye? 


(22) 


If we omit from (18) ana (22) the terms deoending on the form of the wave, we obtain 
two different rates of decay. These agree, however, when Oy is small, ano reduce to the 


ordinary result for small waves. when 0, is large, equation (18) gives 


a0, uy (y= 1) oy 


aR (2y-1) +1) & 


Integrating eevee 
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Integrating we obtain 


1 
y eyly= which becomes 
(2y- 1) (¥+ 1) 
(23) 
yo a for the case of air 
Equation (22) gives 
i 
oR ets or ye : for air (23) 
SES) aes 


Since the blast waves from bomos decay much more rapidly at first tnan pote it follows 
that most of the decay is due to the form of the wave, If the forepart of the wave could be 
flattened far less energy would be lost in tne early stages of the blast. 
do 
Equations a7) (18) an ana (22) may ve used to find 2 as in (1), of they may be 
used to determine an ana aie when oy is known as a function of time. If the velocity of 


or oie ofa erork wave oe be eee the oressure can be calculated. The quantities 
SE an oe tnen give some indication of the thickness cf the wave, 
R 


Exoressing our equations directly in terms of b, and its rate of decay we get 


Jo 2p [2 (2y~ 1) 0, + (y+ 5) 0,2 c,2- - ) c,'] 90, 
go. fo) te et 
OR ty + 1) (b,?= ¢,7) {ty = 1) dy* + 2¢,°} at 

4p 

==) =e 20 = 2 

AG ee ae ee (2) 
au 2 (307+ ob, 4 {2¥d,°- y- 1) cy 
—— - ———_1_-—_}. Se (25) 
OR (yea) oy (bie scr a)! fat R (+ 1)% 


It may be noted that the case of cylinarical waves can be treated in the same manner. 
The equations which result are the same as for the soherical wave except that the coefficient of 
z is only half wnat it is in tne scherical case, 9.3. for a cylindrical wave (24) becomes 


20, [2 (2y- 1) b+ (+5) dy? c,2- - 1) co) aby 


282 5 8) 22S ee ee eet 
re) 2} 


R y+ 1 (b,2- c,) {7 - 1) o,*+ Zick at 
E gi {2y 0,2 
"RO Ge oe 270, - (y- 1) c,*} (26) 
Reference. 


(4) "The Prooagation and Decay cf Blast waves". G.I. Taylor. 
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* * o * * * 4 


Summat'y 


Pressure=time curves have been obtained with piezo-electric gauges at points near to line charges 
consisting of lengths of Cordtex detonated under water. Measurements on the perpendicular bisectors 
of 30, 14 and 5 feet lengths of charge showed that the peak pressure was not appreciably affected by 
the length of the charge but. that the impulse decreased with length of charge. Measurements were also - 
made at points on the axes of 5 feet lengths of Cordtex with detonation towards and away from the gauges. 
At the same distance from the charge the maximum pressures were greatest at points on the perpendicular 
bisector and least on the axis in the direction of detonation of the charge. The rate of decay of 
pressure behind the wave front was less on the axis than at right angles to it, It is suggested that 
the enhanced peak pressure on the axis. when detonation took place away from the gauge may have been 
partly due to the added effect of the detonator. The impulses on the axis were independent of the 
direction of detonation and about half those on the perpendicular bisector of the charge. This 
difference may have beén partly due to the effect of the negative surface reflection reducing the 
imputses more at points on the axis than at right angles to it. 


Introduction. 


The object of the tests was to determine the form and magnitude of the pressures produced by 
underwater explosion of line charges. 


Experimental. 


Pressure measurement:— Pressures were measured by piezo-electric gauges recording 
photographically by means of cathode-ray oscil lographs. 


Charges:— The charges used consisted of varicus lengths of Cordtex containing about 3.3 gm. 
of P,E,T.N./ft. The charges were stretched in a straight line parallel to the water surface, 


ite:- The tests were made in a concrete tank containing about 36,000 gallons of water, 


the depth of water being about 9 feet 6 inches. The charges and gauges were all about 3 feet 
6 inches deep. 


Arrangement of Tests. 
Two sets of tests were made:= 


(a) Pressures were measured at points on the perpendicular bisector of the line charge 
for charge lensths of 30 fer t, 14 feet and 5 feet. 


(b) Measurements were made along the axis of the charge, the charge being detonated towards 
the gauges in one case and away from them in the other, 


The arrangements are shown diaurammetically In-Figure 4. 


ResultS seves 
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Results. 


Typical pressure-time records obtained in the tests are reproduced in Figure 3(a), (b), 
(c), (d) and (e). It is seen that the records consist of a main pulse followed about 2 milliseconds 
later by reflections from the bottom and the sloping sides of the tank. The two lower records show 
further waves wich occur 5 to 6 milliseconds after the Initial wave. The origin of these waves 
is not known but they may be due to the bubble produced by the charge. The pulses were probably 
too small to be detected in the other records. 


The main pulses in Figures 3(a), (b) and (c) are similar to those produced by a charge of 
normal shape, i.e. a cylindrical charye with height equal to diameter and have a shock front followed 
by a rapid decrease of pressure behind the front. In Figures 3(d) and (e), however, the rate of fall 


of pressure is much lower. 


The variation of peak pressure and impulse with distance along the perpendicular bisector of 
the line charge are shown in Figures 4 and 5 for lengths of 30 feet, 14 feet and 5 feet of Cordtex. 
These figures 21so show the values for a 1 oz. Charge of P.E.T.N. Of normal shape. It is seen that 
in these tests the length of Cordtex did not appreciably affect the peak pressure at a given distance 
from it but that the impulse decreased with decreasing length of charge. 


The velocity of detonation along the Cordtex is about 20,000 ft./sec. whilst the velocity of 
sound in water is only about 5,000 ft./sec. Hence the pressure-wave front in the water will resemble 
somewhat the bow wave produced by firing a bullet in air. The state of affairs will be approximately 
aS represented in Figure 2 where sin. M equals 0.25. The first part of the pressure wave to reach 
a point at a perpendicular distance d from the middle of the line charge thus comes from a point 
at a distance x from the centre of the Cordtex where x = 0.260 approximately. For the lengths of 
Cordtex and the distances d used in the tests, x was less than half the length of the charge and it 
is therefore to be expected that the initial peak pressure will be independent of the length of the 
charge. This acoustic approximation is not strictly true for explosion waves but serves to indicate 
the nature of the effects involved. Since the tail of the wave is due to the cumulative cffect 
of all the wavelets produced by al) parts of the Cordtex, the impulse will decrease with length of 
Charge, aS was in fact observed. 


The pressure and impulse values at points on the perpendicular bisector of the 1u fect 
Charge were about the same as those from 1 oz. P,£.T.N, at equal distances from the centres of the 
charges. Thus at these points 1.63 0z. P.E.T.N in Cordtex is about equivalent to 1 oz. P.E.T.N. 
in a charge of normal shape. 


in Figures 6 and 7 the variations of pressure and impulse at points round 5 feet of Cordtex 
are shown as functions of the shortest distance from the charge. It is seen that the pressure was 
greatest on the perpendicular bisector of the lime charge and least on the axis when detonation was 
towards the gauge. The difference in peak pressure at points on the axis of the charge may have 
been due to the contribution of the detonator which contained about 1 gm. charge since the pressure 
was greater wnen the detonator was near the charge. This is indicated by the pressure-time curves 
(Figures 3(d) and (~)) where the initial peak pressure falls rapidly to about the same value in 
each case. 

Figure 7 shows that under the test conditions at points at the same distance from the charge, 
the impulses along the axis of the charge were independent of the direction of detonation and were 
about half those on the perpendicular bisector. Reflection from the free surface, however, reduces 
the impulse along the axis. Figure 3(c) shows that perpendicular to the line charge the pressure— 
time curve is not appreciably affected by the surface reflection and the measured impulse Is 
approximately the total impulse. On the axis of the charge where the rate of decay of pressure 
behind the shock front was less rapid, Figures 3(d) and (e) show that the negative surface reflection 
Cuts off an appreciable part of the tail of the pulse. Consequently the measured impulse was 
probably considerably less than the total impulse produced by the charge in the water. 


Detonetor Cordtex 
D4 ae ee ee as Ye, x 
Gauge Gauge 
x 
Geuge 


Fig{ DIAGRAMMATICAL REPRESENTATION OF GAUGE POSITIONS 
ROUND THE CORDTEX 
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Fig 2. DIACRAMMATICAL REPRESENTATION OF THE APPROXIMATE 


FORM OF THE WAVE FRONT PRODUCED IN THE WATER 
BY THE CORDTEX 
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* * * * * * 


Summary. 


In 0.5.8.0. 588, on certain assumotions, Kirkwood anJ Bethe have given a comolete 
solution for the shock wave propagated into water from an explosive charge. There is, however, 
a manner in which the self consistency of the solution can be checked. Assuming that the 
pressure at the shock front decays with distance from the origin as in Kirkwood and Bethe's 
solution it is possible, thfough relations given in R.R.L. Note No. 10/17/AJH, to calculate 
the pressure gradient just behind the shock front, and to comoare it with the gradient given 
in Kirkwood and Bethe’s own solution. It is found that untii the wave has moved outwards 
five or six charge radii these values of the gradient differ by about 30 per cent indicating 
some discrepancy between form of wave and rate of decay in the carly stayes. 


A further application of the theory outlined in 10/17 inaicates that the effect of 
wave shaoe on the rate of decay Is much smaller than that due to the increasing distance from 
the orlgin, indeed if the effect of wave shace Is entirely neglected the ceak pressure at 
12 charge radi! from the orlgin Is raised only by some 20 oer cent. 


The relation between the rate of agecay of pressure at the shock front and the pressure 
gradient behind the shock front in a sohcrical wave has been given in R.R-L. Note Now 1D/17/AJH. 
If the rate of decay is known the gradient can be calculated or vice versa. It was pointed out 
by W.G. Penney that this vossibility provides a test of the self consistency cf any theoretical 
wave solution which gives both the rate of decay and tne gradient. Such a solution is that 
of Kirkwood and Bethe in 0.S.R.D. 588, for a wave in water. The test of consistency used in 
this note is a comoarison of the oressure gradient yiven in 0.S.R.D. 588 with that evaluated 
from the rate of aecay of pressure given in the same pacer. 


The solution for the shock wave in water given by Kirkwood ano aetne (O) may be written 


Xo = 
Q (R,t) = —2 Q, e @ 
R 
(1) 
eS Ne 
where 91 = kinetic enthaloy = enthaloy increment + 5 u2 
u = particle velocity 
) 
W = enthaloy increment = £ +2 - & - 9 
° 
Pp Po 
—E = internal energy 
0, P = pressure and density 


+ 
a 


time measured from instant of arrival of the shock wave at the point. 


X and y are parameters which can be calculated as functions of 4 pes being the initial 
Charge radius and R the distance from the centre of the charge: o 


Although esse. 
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Although it is not true generally that tn (1) is a function of o only, it is true at 
the shock front ana nearly true for a little distance behing. It has been assumed in the 
theory that u is a function of c so that we are justifica in regarding 1 as a function of 


Pao) 


pressure c¢, and therefore in using tne symbol as tne value of which we calculate from tables 
in O.S.R.D. 676 


Differentiating (1) with resoect to time t we jet 


a0. 20. 20 ae. 2 2) 
ot’ ot dp ot (6) 
oe a eae (3) 
t g 30 


As the wave passes over any given point tne value of o at that point changes because 
the wave is decaying in intensity ana also because the oressure behind the shock front varies 
from point to point, expressed in equation form, for coints just behind the shock front. 


Qo. o ~y 32 (4) 
font at OR 
where U = velocity of shock wave 
32 = rate of decay of ceak pressure. 
at 
Eliminating = from (3) ana (4) we get 
t 
G2. i(o , 2 gw, 2 (s) 
R U at 6 a OR ra) a0 u 
ap Op 
Written in terms of ¢< this becomes 
° 
life (ES) Q (6) 
) = a= g a0 U 
a, oP 


In (6) all symbols refer to values just behind the shock front, i.e. to the peak values. 

From equation (1) we see that the oeak value is given by 
Xa 

= ° 

Q = =< a, (7) 


g 


X and % are calculated functions of z= Q, is given in 0,S.R.D. 588 for T.N.T. at density 1.59. 


co) 
Hence using the tabular relation (c) between ana o we get c as a function of Zz, Numerical 


. . . . . . ° 
differentiation then gives us et) . It is possible therefore to evaluate the right-nand side 
a 
of (6) numerically as a function of din 
The equation connecting rate of decay 8 of a spherical shock wave and the space rate 
of change of cressure behind the shock front 92 may be written (4 
R 
EP ey eT (0 ESD Lal eG i (TE (8) 
dR R cf au R c* aul 
uy utr SH w [v-u+ So 
or for simplicity 
i 9 CL B 
GE te ye (9) 
ag OR R 


WHEE sovee 
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where v = soecific volume of fluid just behing front 


velocity of souns in fluia just behine front. 


. a 
(9) gives us anotner expression for ——— 


3 () 


00 = i ES +4 (10) 
a 


Pt ttl) % 


The coefficients A and 8 have been comouted from the data of 0.S.R.D, 676 and are given in 


Table 1, The two values of 2£_ as derived from (6) and (9) are shown in Figure 1 where 


3 (2) 
it is seen that until the wave has crogresseo some five charge radii there is a discrecancy of 
about 30 per cent vetween the two values. At distances less than seven charge radii the value 
from (10) is less than that from (6), beyona this distance tne relation is reversed. 


o 
u 


Oo 


It may be worth while ccinting cut nere that close to the charye tne term aS in (9) 


OR 


Is not of much imoortance in comparison with 8 + Since B is a known function of po the equation 
° 
is now integrable In the form 


go. 
B 
; a 
or oc - log =a (11) 
8 R 
eh 
where 9) is the oressure in the wave at tne moment of initiation. 
In Figure 2 is shown the value of 98 as a function of = derived from (11) together 
° 


with the value derives from the theory of 9,S,R.0. 588, {t is secn that at first the effect 
of shape is to delay the attenuation, then at about 2.5 ap from tne centre to increase it. 
The effect of shape is not very large, for examcle at 12 ag from the centre where the pressure 
has fallzn to about 1/30 of the initial value the aifference between the curves is some 22 ver 
cent. This shows that tne rate of decay near to an exolosive of this tyoe is not likely to 
deoend much on anything but the initial oeak value of the oressure. 


TABLE 1. 


° A 8 ) A B 
KILOBARS | NON-DIMENSICNAL KI LOBARS KPLOBARS NON-DIMENSIONAL KI LOBARS 


References. 
(a) The Decay of Plane, Cylindrical and Soherical Shock waves 10/17/AJH. 


(b) Progress Reoort on "The °ressure Wave >roducea by an Underwater Exolosion |*, 
J.G. Kirkwood and H.A. Bethe. 0.5.R,D. 588. 


(c) Progress Reoort cn "The Fressure Wave Produced by an Underwater Explosion ti*, 
J.G. Kirkwood and E,W. Montroll.,  0.S.R.D. 676. 
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* * * * * » * » 


Summary. 


The velocities of the shock wave and water surface due to the detonation of submerged 
Yeoz. Cylindrical charges of C,2., have been obtained over the first 3 ft. above the water 
surface from a determination with a rotating arum camera of the extinction times of a row of 
acetylene jots, situated in air vertically above the cnarge. 


With the charge at a depth of 2 inches, the water surface and shock-wave velocities 
were indistingulshable vertically above the charge, tne water surface velocity falling from 
about 4,500 ft,/sscond at 3 inches, to about 2,600 ft./second at 3 ft. above the surface, 


For charge deoths of 4 incnes and 8 inches, shock-wave velocities at 3 Inches from the 
water surface were 1,900 and 1,450 ft./second respectively (axis vertical and horizontal), 
corressonding velocities at 3 ft. were 1,500 and 1,200 ft./secona (axis vertical} ano 1,250 and 
1,150 ft./secona rescectively (axis horizontal). 


water—surface velocities fcr the 4 inches ana 8 inches Jecths were 1,400 ana 700 
ft./secona rescsectively (axis horizontal) at 3 inches above the surface and-1,100 ana 500 ft,/ 
second respectively (axis horizontal) at 3 ft. 


Description of charses used. 


The charge used in each of the tests consisted of a oz, cylindrical oellet of C.., 
2 inches in diameter, and 12 incnes thick. 


Experimental procedure. 


The shock-wave velocity in air due tc the detonation of a submerged charge was measured 
using acetylene flames, a row of small acetylene jets burning vertically above the charge being 
extinguished by the oassaye of the snock wave. The time Interval between the extinction of 
Successive flames was recorded by a rotating orum camera, the slit of which was focussea on the 
burners. 


In the first series of experiments, the jets were soacea at 6 inches intervals, the 
lowest being 3 incnes above the water surface. with this arrangement 6 tests were carried out, 
3 with the axis of the chaaye vertical and its centre (a) 2 inches, (b) 4 inches and (c) 8 inches, 
below the surface and 3 witn the charge axis horizontal, ana the same 3 depths of Immersion. 


A further test was made with the charge axis vertical and aeoth of immersion 2 inches, 
but with the 8 jets used arranged at 1, 3, 5, 7, 9, 11, 24 and 36 inches respectively above the 


water surface, 


Serlous damage due to the disolacea water was sustained by the burmers and their 
Supoorting framework during each 2x2sriment. 


Records obtained. 


Two records, tyoical of those obtained, are shown in Figures 1 and 2, The time scale 
for each record was calculatea from the drum speed used, and the time interval between the 


extinction ws. 
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extinction of successive flames was obtainea from direct measurements mage on the negatives 
using a dcublo-traverse microscoos. Time-disolacement curves were drawn from these figures 

and velocities deduced in the usual way by drawing tangents. The results are shown graphically 
in Figures 3 ano 4, 


Discussion of records. 
LEN MANES NBS 


On examination of Figures 1 and 2, a faint curved trace will be observed crossing both 
photograohs. In Figure 1 the curve oasses through the terminations of the jet traces. This 
trace, which is present on those records which were taken under bright weather conditions, is 
attributed tc sunlignt reflectcd intc the camera lens from the atomis2d soray forming the apex 
of the water olume. If this exclanation is correct the trace is, therefora, in effect a time 
displacement curve for the rising water surface, water surface velocities have been calculated 
from the records on which the trace is sufficiently distinct, ana they are shown graohically in 
Figure 4. 


A separate shock wave in air was not detected on any of the records taken with the charge 
2 inches below the water surface, the jets being extinguished by the water olume. For this 
reason the velocities odtained at this depth have been clotted as water—surface velocities on 
Figure 4, 


The comoaratively small difference between the water surface and shock-wave velocities 
when the Charge is detonated 4 incnes below the surface, sugyests that a detached shock wave 
would not be detected for geoths cf immersion much less than 4 inches, 


The results optaine at the 2 inches decth from the two reccras taken with different jet 
arrangements were In very close agreement, and they have been plotted as a single curve in 
Figure 4. 


Finally in Figure 2, tne shape cf the flame traces after deflection by the shock wave is 
of some interest. The abruot Changes in sloce aocarent in some of the flame traces may be taken 
as a measure of corresconding changes in carticle velocity occurring in the air zone between the 
shock-wave front and the rising water surface. 
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MEASUREMENT OF THE SHCCK WAVE VELOCITY IN AIR ABOVE 
A WATER SURFACE DUE TO THE DETONATION OF 16-Ib. 
SPHERICAL CHARGES OF T.N.T. 


D._Croney 


Poad Research Laboratory, 


London 


March 1946 


Summary. 


In a previous investigation the shock wave and water surface velocities due to the 
detonation of submerged 4-oz. charges of C,E, were measured by an acetylene jet method. The 
results were used to obtain values for the peak shock pressures in the water surface, and these 
values were compared with theoretical figures deduced from the formula given by Penney and 
Dasgupta. 


It was decided to repeat the work on approximately four times the previous scale using 
16-1b. spherical charges of T.N.T., fired at depths (measured to the charge centre of 8, 16 and 
32 in. This investigation was not completed, but several exploratory charges were fired, The 
present report summarises the results obtained on these charges. 


Some of the 4-oz. experiments have been repeated, the Marley high-speed camera working 
at about 6,000 frames/second being used to photograph the water plume. Water surface velocities 
and Peak shock pressures in the water surface deduced from these records are compared with the 
values previously obtained, 


Introduction. 


Experimental data previously reported(1) was used(2) to obtain values for the water and 
air shock pressures associated with the detonation of submerged 4-oz. charges of C.E. In 
particular, the peak shock pressures in the water surface were compared with theoretical values 
obtained from the formula given by Penney and Dasgupta(3). A discrepancy between the calculated 
and experimental values in the case of the shallowest charges was in part attributed to the 
cylindrical shape of the explosive. 


It was decided to repeat the work on four times the previous scale using 16-1b. spherical 
charges of T.N.T. fired at. depths (measured to the charge centre) of 8, 16 and 32 in. This 
investigation was not completed, but the present note summarises the results obtained on several 
exploratory charges which were fired, 


Some of the 4-oz. experiinents have been repeated, and the Marley high-speed camera 
working at about 6,000 frames/second has been used to photograph the water plume. Water surface 
velocities and peak shock pressures in the water surface deduced from these records are compared 
with the values previously obtained. 


Description of Charges. 
16-1b. charges. 


The 16-1b. charges were 8in. diameter spheres of T.N.T. fitted with radial C.E. primers 
each 2 in. in diameter and 4 in. long. The charges were detonated with the primer axis vertical 
and the detunator uppermost. 


4Y-oz, charges. 


The 4-oz. charges were cylindrical pellets of C.E., 2 ine in diameter and 13 in. Vong» 
Each charge was fired with its principal axis vertical. 


Details eevee 
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Details of charges fired. 


16-1b._ charges. 


Three charges were fired; one each at depths (measured to the ctarge centre) of 8, 16 
and 32 inches. 


4Y-oz. charges. 


Three charges were fired; one each at depths (measured to the charge centre) of 2, 4 and 
8 inches. 


Expe rimental procedure. 


The tests were carricd out in a disused gravel pit, in about 15 ft. of water. 


16-1b. charges. 


Figures 1(a) and 1(b) show in plan and elevation the layout used for the larger charges. 


A row cf photoflood bulbs fixed to a vertical pole and spaced as shown In figure 1(b) was 
viewed using a double mirror periscope through the horizontal slit of a drum camera. The lowest 
lamp and the centre of the lower periscope mirror were each set at approximately 3 in. from the 
water surface. The charge was arranged to Vie in the plane containing the lamp standard and the 
lower periscope mirror. The method by which it was Supported, and its helght adjusted, will be 
apparent from figure 1(b). The length of the bamboo pole used in the charge mounting was 
approximately 10 ft. and the sealed cans uscd to provide the necessary buoyancy were about 4 ft, 
below the charge. Each charge was fired through a switch operated by the shutter of the drum 
cameras 


The complete mechanism used for supporting the charge was destroyed by each shot, 


4Y-oz, charges. 


Figure 1(c) shows the arrangement used for the 4-oz. charges. 


A lens cover plate provided with 4 ins slots, together with a rotor having a single 
4 in. slot was used on the Marley camera. With this combination a sequence of 60 pictures is 
recorded during one complete revolution of the rotor, with a lens aperture of about f/12. 


To record the plume with this aperture, artificial illumination was necessary. This 
was provided by the two flash bombs shown in figure 1(c), each consisting of a 20z, pellet of 
C.E. surrounded by 2 oz. of aluminium powder, Ouring the tests the camera Was shielded from the 
direct flash of these charges by cardboard screens. 


The detonators used to fire the underwater charge and the flash bombs were wired in 
parallel. To ensure adequate illumination in the early stages of the explosion very short delay 
detonators were used in the flash bombs. 


Records obtained. 


16—1b. charges. 


Figures 2, 3 and 4 show the records taken on the 16-1b. charges at depths of 8, 16 and 
32 in. respectively. 


The lamp images focussed on the moving film give rise to luminous traces, As a shock 
front rising between the camera and the lamp standard intercepts the light pencils subtended at 
the camera by each lamp, the rays are refracted momentarily out of the camera slit causing small 
breaks in the lamp traces. The traces are terminated as the lamps become obscured by the rising 
water surface. 


Breaks marking the progress of the shock wave can be seen in figure 4, but they are 


absent in figure 2. This indicates that a shock wave travelling faster than the water surface 
was not detected with the charge centre 8 in. below the surface. With the charge 16 in. deep, 


figure 3 ses. 
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figure 3, there is evidence of a shock wave moving ahead of the spray. In the case of 
figures 3 and 4 the water surface, which was illuminated by bright sunlight, has recorded. 


woz, charges. 


Figures 6, 7 and & show selected frames from the Marley camera records. 
Evaluation of records. 


16-1b. charges. 


The distance vertically above the charge which it was necessary for the shock wave or 
vater plume to travel in order to intercept the light pencils subtended at the camera by the 
lamps was deduced from the geometry of the layout. A reduced distance scale corresponding to 
the position of the charge was obtained in this way. (The error in height introduced by 
assuming that the shock wave first cuts the light pencils vertically above the charge instead of 
slightly nearer to the camera, is very small). 


. 
From the records time—-displacement curves have been plottrd, In the case of records 3 


and 4 the trace terminations were not sufficiently well defined to give a satisfactory displacement 
qrve for the water surface. 


Velocity curves have been plotted from the displacement curves and these are shown in 
figure 5, compared with the corresponding results in (4) sealed up, 


4-oZ, charges. 


The distance’scale for the Marley camera records was obtained by taking a record of a 
graduated pole supported vertically over charge position. From this scale time-displacement 
qurves for the water surfaco havo beon plotted. Deduced velocity curves are shown in figure 9, 
compared with the corresponding acetylene jet results reported in ({). 


Discussion of results. 


tn (2) a table was given in which water surface and air shock wave velocities were 
tabulated with the corresponding pressures in the water surface and the air shock wave. This 
dat. can be used in conjunction with the curves given in figure 5 to obtain values for the 
water and air shock pressures at various heights above the undisturbed water level. 


As in the case of the previous 4~oz. charges the velocities fall off rapidly so that it 
is difficult to extrapolate back to initial velocities with much accuracy. On the basis of such 
extrapolated values however, the pcak shock pressures in the water surface obtained are 135, 

42 and 34 tons/sq.in at depths of 8, 16 and 32 in. respectively, The corresponding figures 
calculated from the Penney and Dasgupta formula for charges at depths of 2, 4 and 8 charge radii 
are 61, 19 and 7 tons/sq.in. and those calculated from the later work of Temperley and Craig 
are G1, 25 and 8 tons/sq.in 


There is evidence to suggest that the detonation process in the T.N.T. was initiated 
near the detonator and not at the centre of the charge. This may in part account for the high 
experimental results at the shallow depths. The disagreement between theory and experiment at the 
32-in, depth is probably attributable to thc unsatisfactory character of the record (figure 4), 
interpretation of which is particularly difficult over the first 2 ft. above water level, 


u-0Z. charges. 


The Spray velocities obtained by the Marley camera technique, figure 9, are in reasonable 
agreement with the drum camera results given in (1), except at the 2-in. depth. Extrapolation 
gives initial spray velocities of approximately 3209, 1300 and 580 ft./sec, respectively for the 
2, 4 and 8 in. depths corresponding to peak shock pressures in the water surface of 78, 24 and 
9.5 tons/sq.in, respectively for the three depths. 


'f, as in (2), the charges are regarded as 2-in. diameter spheres of C.E, at depths of 
2, 4 and 8 charge radii, the results agree closely with the theoretical values given above. 


(For comparison with T.N,T. the experimental results should be reduced by about 5%). 


CONCIUSION sesee 
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Conclusion. 


The results given for the larger charges are, as they Stand, based on incomplete 
experimental work. 8efore further work in connection with this investigation was abandoned, 
it was planned to use a second drum camera fitted with a telephoto lens to record a row of 
closely spaced lamps covering the first few feet above water level. It was also proposed to 
photograph the plume from the 16—1b. charges with the Marley camera, This procedure would 
have given more accurate time-displacement curves for both the shock wave and the water plume. 
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SHOCK-WAVE PARAMETERS FROM SPHERICAL TNT CHARGES DETONATED UNDER WATER 


by J. S. Coles, BE. A. Christian, J. P. Slifko, C. R. Niffenegger, and 
lis Ae Rogers, Underwater Explosives Kesearch Laboratory, Woods Hole, 
Massachusetts, 1946. 


ABSTRACT 


The similitude curves for peak pressure, momentum, time constant and 
energy of TNT have been determined from experiments with 12 and 14 inoh 
diameter spherical chargese Data are presented from piezoelectric gauges, 
as well as from UERKL diaphragm, Modugno, ball crusher and momentum mechani- 
cal gauges. Kirkwood's theoretioal curves for TNT peak pressures, momentum 
and time constant have been caloulated and are compared with the experimental 
valuese Peak pressures calculated from ball orusher deformations show good 
agreement with piezoelectric gauge results for pressures below 8000 1b/in-2. 


I. INTRODUCTION 


A series of spherical TNT oharges has been shot at the Underwater 
Explosives Research Laboratory in Woods Hole, Massachusetts, to obtain the 
parameters of the explosive and to compare the results with Kirkwood's 
theoretical caloulations. 


The charges were all fired from the schooner "Reliance" with the 
standard rig used on previous underwater work at this laboratory. The 
oharge and gauges were suspended 40 feet below the surface in at least 
80 feet of water. It was especially desired to obtain records in the 
high pressure region where the theoretical ourve deviates from ,the em- 
pirical straight line on a log-log plot % pressures versus wt S/R (cube 
root of the charge weight in pounds = W-/*, and charge-to-gauge distance 
in feet = KR). In order to obtain pressures over the range of 400 to 
20,000 lb/in.® with the charge weights used, the charge-to-gauge distances 
were varied from 100 to 5 feet, and consequently the range of W 3/R was 
0.036 to 0.86. 


Results were obtained from UERL diaphragm, Modugno, ball orusher, and 
momentum mechanical gauges, and from piezoelectrio gauges Data from these 
gauges are given in Tables A-I, A-II, and i783 of the fe Plots 
have been made of peak pressyre, momentum/W1, og energy/WW 5 and time 
constant (6)/i1/> against Wi/3 72 (Figs. 2-8) and equations determined for 
the best straight line through the experimental points. 


II. CHARGES 


The TNT charges were cast into 14 gauge steel spheres of 12 inch 
and 14 inoh diameters, resulting in average TNT charge weights of 48 
pounds and 76 pounds (average loading density of TNT = 1.42). A 250 gram 
pentolite booster (spherical) was cast into the center of ‘each charge. 
The charges were centrally detonated by U. S. Army Engineer's Special 
Eleotrio Detonators (base charge 13.5 grains of PETN) inserted through a 
tube from the bottom of the charge as oriented for firing. Three eye-pads 
welded fore, aft, and topside of the sphere were used to position the 


charges (filling hole to one side) relative to the gauge lines. Six 
charges were fired, three of each weight. 
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III. INSTRUMENTATION anD RIGl/* 


The rig used for the tests is shown in Fige 1. The charge and 
gauges were on a straight line 40 feet below and parallel to the surface 
of the water. This line was attached at the forward end to a tow line 
leading up to the vessel "Reliance", and a sea anchor at the aft end of 
the line served to maintain tension as the gear was towed through the 
water. The charge was at the center of this line, and the piezoelectric 
and mechanical gauges were located forward and aft of the charge re- 
spectively. All parts of the gear were suspended from surface buoys, 
and charge-to-gauge distances were determined by steel spacer oables. 


The mechanical gauge instrumentation consisted of: 


(1) Two hegyy gauge blocks (Fig. ,1B) each containing two UERL 5 
diaphragm Baageee two Modugno gauge 3/ and two NOL ball crusher oe | 
All gauges are held face on to the charge by means of the strain of the 
spacer lines on a rigid tail extending 4 feet out from the back of the 
block. The ball crusher and Modugno gauges in these blocks were baffled 
by the face of the blook (cae 3-5 inches from center of the gauge to the 
nearest edge). The diaphragm gauges were unbaffled except by the faces 
of the gauges themselves. Lot V-B thin plates were used in the diaphragn 
gauges farthest from the charge, and lot V medium plates in those close 
to the oharge.e 


(2) Five light ball crusher gauge blocks (Fig- 1A) each holding four 
NOL ball crusher gauges. These gauges were side-on to the charge, and 
were unbaffled except for the face of the gauge itself. 


(3) One momentum gauge rig (Fig. 1C), holding two Hartmann type "i" 
and three Hartmann type "A" momentum gauges. 


Piezoelectric gauges with 2 inch and inch diameters were used; the 
smaller were 4 or 8 pile and the larger were 2 or 4 pile gauges. They 
were mounted on a_30 foot copper tube which served as a shield for the 
central sonductor4/ and a cable attached to the end of the copper tube 
was run back to a compensating network located on a float barrel about 
150 feet from the chargee From the float barrel the cable was led along 
the surface to the "Reliance", where it was terminated in a compensating 
network within the master control panel, then to the vertical amplifiers 
of modified Duliont 208 cathode-ray oscilloscopes. The main gauge cable 
used was Army-Navy type RG-41/U. 


Previous tests had shown that in order to eliminate a jagged rise 
line which had been noted on gauges at large distances from the charge, 
it was necessary to: (1) run the cable from the two pairs of gauges 
nearest the charge to the surface separately from the cables for the 
other two pairs of gauges, and (2) position the pair of gauges farthest 
from the charge at least 25 feet from the cable. The three pairs of 
gauges nearest the charge were held about 6 inches from the cable by 
H-frames having a 1 foot crosstree (Fig. 1E), whereas the pair of gauges 
farthest from the charge were mounted on a larger frame which held them 
23 feet from the cable by means of a 5 foot crosstree. 


*The list of references has been deleted. 


sore 
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The charges were fired in three strings, one charge of each weight 
being fired in each Seiys) Charge-to-gauge distances were varied for 
each string to obtain wh, /R values over as wide a range as practicable. 


IV. RESULTS OF TESTS 


The data obtained are presented in Tables A-I, A-II, and A-III of 
the Appendix. The results are presented as the mean and percentage de- 
viation from the mean of the readings of pairs of equivalent gauges, 
and the + or - sign refers to the deviation of the first gauge listed. 
Where no percentage follows the table entry, the value is obtained from 
a single gauge. 


aS Piezoeleotrio Gauge Results 


(a) Peak pressure:--The log of the peak pressure plotted as 
a function of log Wl 3/R for spherical TNT charges is shown in Figs 2. 
The best straight line through the experimental points may be represent- 
ed by the following equation: 


p= 2.16 x 104 (W1/3/p)1+13 1p/in.? 


The standard deviation of the experimental points from this line is 8.9. 
Values from Kirkwood's theory, which were calculated from Ref. 4 and are 
represented by the dotted line, are in better than 6% agreement with the 
above equation for values of W1/3/R < 0.2, and differ by only 13% at the 
upper limit of the experimental curvee There is a slight tendency for 
the experimental curve to deviate upward at the highest pressure values 
obtained, but the theoretical line shows a much greater curvature than 
the experimental. 


(b) Time constants:--Sinoe the first portion of the presse 
time curve fits reasonably closely an exponential of the form P=P.97% 8 

out to t < @, the time constant 9 (i.e., the time required for the curve 

to fall to a pressure value = Pmax/ ®) of the initial portion of the shock 
wave may be determined. Curves of experimental values of oft 3 plotted 
against w1/3/R for TNT, and the line from Kirkwood's theoretical calcula- 
tions for TNT are shown in Fige 3. Though the theoretical line drops off 
sharply the best line through the experimental points is only very slightly 
curved downward at the high values of wl? 9 7 in each case, and might almost 
equally well be a straight line represented by the following equation: 


@ = 0.060 W1/3 (w1/3/p)-+18 


(c) Impulse:--Impulse values were obtained by integration of 
the pressure time curve to 6-7 times the nominal time constant which, for 
each ,particular value of Wl/3/R, was taken from the line representing 
ofiid/ versus w/3/R shown in Fige 3. The use of these faired time con- 
stants prevents the low precision of the measured time constants from 
introducing an unjustified scatter in the momentum and energy. Integra- 
tion to a fixed multiple of the time constant, for each W/ 7R, gives 
values which are more nearly proportional to the total momentum or total 


ae 
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energy than would be obtained by integrating to some fixed time which 
is independent of weight and distance. 


Log rfivl/S (reduced impulse) is plotted against log wl/3/R in 
Fige 4, and the empirical equations obtained from the best straight 
line through the experimental points and the standard deviation of the 
experimental points from the line is; 


I = 1.46 wi/3 (W2/3 /R)0+89 mo 10.3% 


The experimental ourves are not concave downward as is the theoreti- 
cal curve, which is shown,as a dotted line on Fig. 4. The spherical 
pentolite impulse ourve®/ agreed with the theoretical curve in this re- 
spect, but the linearity ,of the TNT ,impulse curve is to be expeoted since 
the log time oonstant/W oe log wl/3/R relation is nearly linear. 


(d) Energy:--The energy factor (E) reported here is defined as: 


1 -6 


075 


(where @ is the nominal time constant at the parfyoular value of w/3 7p) 
and contains the correction for finite amplitude yhough the "afterflow" 
terms are omitted. Figure 5 is a plot of log E/\l versus log wi/5/ 
for TNT. The empirical equation for energy as a function of oharge 
weight and charge-to-gauge distance obtained from the best straight line 
through the experimental points is: 


From Fige 5, for TNT, 
B= 2.44 x 10° wi/S (wi/S py? +O 


with the standard deviation of the experimentally determined values from 
the line of 16.0%. 


The total energy flux density per unit area is given by the equations 
1 


fo 


where F 


Fe 


(s'265%x 207° p..). f 827? pat + sof Bee pueda as] 
° @ ° 


total energy flux 

p = pressure as a function of time in 1b/in.* 
P, = peak pressure in 1b/in.? 

t = time in seconds 


o. = velocity of sound in sea water at given 
temperature in ft/seo 
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density of sea water at given temperature and salinity 


4) 


5-58 + 0.0065 T, where T is temperature in degrees 
Centigrade 


L°o 


R 


charge-to-gauge distance in ft. 


The first term only of this equation is usually reported as the 
energy factor (see Sec. d), but in the case of a spherical shock wave 
the second term is not negligible when the charge-to-gauge distances 
are small. Figure 6 shows the second, or so-called "afterflow", term 
of the equation as a percentage of the first, or "primary", term plotted 
against R/Wl/3 A scale of charge radii for TNT is also showm in Fige 6. 


Charge-to-gauge distances (R) in Fig. 6 vary from 5 to 47 feet, and 
the importance of the afterflow term is seen to increase rapidly as RAit/S 
decreases. 


(e) The pressure time curves;:--Average pressure time curve 
for TNT ,is shown in Fige 7. The curve is based on ten records corrected 
to a Wi/3 7p value of 0.242. This curve falls off exponentially out to a 
time t <0, passes through a minimum (Pain? Sa) and a maximum (tins 
ras) to form the “bump characteristic of piezoeleotric pressure time 
curves, and falls off again, at first exponentially and then more slowly. 
ah ae Pecans the Guan eee Pmin> Poax? tin Ve » and 
tmex/ versus W /R are shown in Figs. 8 and 9. The prin and prey 


values follow the similitude law though their scatter is great, and the 
tnip/Wt/5 and eee 5 quantities fall’on a very nearly straight line 


with slight negative slope 


aie Mechanical Gauge Results 


Table A=-II of the Appendix shows the deformations in inches for all 
the ball crusher gauges, and Table A-III of the Appendix contains the 
data from momentum, diaphragm and Modugno gaugese 


Ball crusher gauges were mounted in two ways; four to a block in 
side-on orientation at distances from 5 to 67 feet from the charge, and 
two to a block in face-on orientation at distances 15 to 60 feet from 
the charges The deformations from the gauge blocks in side-on orienta- 
tion have been interpreted in terms of peak pressuree Fig. 10 shows 
log peak pressure versus log wt 3/R for TNT and the best average line 
through the experimental points may be represented by the following 
empirical equation: 


p = 1.92 x 104 (wi/S 7p)? 8 
with a standard deviation of the experimental points from the line of 


2.9%. Peak pressures from piezoelectric gauges are shown as dotted lines 
on the ball orusher peak pressure plots. The method of determining peak 


= ot 
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pressures from ball crusher deformations used in this report is described 
in kef. 7, Appendix I. The equation for peak pressures from 3/8 inch 
copper balls is 


4 *n 
= 7-62 x 10 —_— 
¥ (6) 
where is an average deformation in inches of the four gauges in one 


block, and values for W, the relative response (as defined in Ref. 7), 
are based on the @ obtained from piezoelectric results (see Fig. 3). 


As can be seen from Fig. 10 the ball crusher peak pressures agree 
very well with the piezoelectric peak pressures in the lower portion of 
the curve, but they are about 11% lower than the piezoelectric at the 
highest pressures measured. Several considerations neglected in the 
above calculations may tend to lower the peak pressures calculated from 
large ball crusher deformations: 


(1) The calibration curve for the copper spheres is assumed to be 
linear throughout, although it deviates appreciably from the linear for 
deformations above about 0.09 inchese For shock waves of the type dis- 
cussed in this report, the time constant is of the order of 300 micro- 
seconds and the correction factor (%&) is approximately 0.80. Con- 
sequently, calculated pressure values above 8500 1b/in.? would be lowered 
by the assumption of a linear calibration curve. 


(2) The rate of strain increases with large deformations. 

(3) It is possible that, under the velocities of the piston attain- 
ed during deformation of the sphere, there could be an increase in the 
frictional effect sufficiently great to account for a part of this dis- 
crepancy. 


V. SUMMARY 


If the equations for peak pressure, impulse, and energy are re- 
presented by the equations; 


p= x W/S/pye (1) 
1 = y w/3 (wl/3/p)P (2) 
pe zwi/s (W/3/R) S (3) 


Table I shows a comparison of the parameters for TNT based on 
piezoelectrio and ball crusher gauge results from tests on spherical 
chargese The constants for the Kirkwood theoretical curves for TNT are 
also shown. 


TABLE I 


SIMILITUDE LAW PARAMETERS OF TNT FOR UNDERWATER 
SHOCK-WAVE PEAK PRESSURE, MOMENTUM AND ENERGY 


TNT 


Piezoeleo- Ball Crusher Kirkwood 
trio Gauges Gauges Theoretical 


2.44 x 10° 
2.04 
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TABLE A-I 


PIBZCBLECTRIC GAUGE RESULIS FROM SPHERICAL TNT CHARGES 


i] 

oO 

» = 

2+ | 3 $ a 8 

As = 3 a Oo n 
e} —d] a a e e -_ 
au? & ze a @o 
> oa Com “& & f > A a 
oa = a a a 
a a a C] 3 ea on — 
nn oO Oo ~~ ww 


AR-136 
104-R 


8185 
+0.3% 


Beet (9)5310) 2070 | AR=52 S56} alae Ws? 
3.1% 0.30 42.1% S=857 5 2% -12 5% 0.33 


2026 1150 


0.28 AR=52 3220 1.15 0.29 
2 2h 


6 0 S-8 Pe Ss 26% = 0. 0 z 
_ Ee ee 
12,400 4.06 0.27 3970 |AR-132 4215 1.63 0.29 
° AR-84 <-3.7% -11.1% 0.34 


}AR=136 9900 3.00 0.24 2280 |AR-132 3440 1.31 0.28 
43.1% +264% 0.24, +204% |AR-90 -4.1% 8,02 0.28 


TSE 


AR-132 
AR-48 


3265 0.23 4200 


14, 000 
AR-80 =7 5% -11.7% 0.28 ‘ 


AR“46 4530 1.97 0.35 
AR=80 -10.4% -1.84% 0.32 


AR-132 18,950 5.62 0.26 8140 
s-ll, “he5h —4e0B 0.26 +1.7% 


a) Impulse and energy time of integration is 6.7 nominal 9. 
b) Values for gauge AR-84 on shot Re-389 omitted because gauge was found to 
be faulty when removed and tested. 


AR=46 3795 1433 0.28 
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TABLE A-I 


PIEZOELECTRIC GAUGE RESULTS FROM SPHERICAL TNT CHARGES 


8 

s 

f 

3 

3 

o 
Distance 
AR-90 1066 
AR-34 -7.4% 
AR=-90 923 
AR-84 -3.0j 
Distance 
S=-857 1595 
AR-48 +3 e 5% 
S-857. 1190 
AR-18> +1,.3% 
Distance 
S=-857 1590 
S-1106 -4.4% 
$=857 2115 
S-1106 +1.7% 


Gauge Number 


AR=80 
AR-86 


AR=-80 
AR-86 


104-R 
AR-86 
104-R 
AR-86 
104-R 
AR-90 


104=R 
AR=-90 


577 0.31 
-1 9% +3.3% 
485 0.31 
33) 06% +3 ° 396 
87! 
760 0.41 
42.7% +8,6% 
603 0.32 
+9.6% +6.3% 
78! 
qlee WOssS 
+7 9% +1. 5% 
81, 0.49 
+5626 +h.1% 


0.42 


O44 
O44 


0.39 
0 40 


0.39 
0239 


0.43 
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ABSTRACT 


Pressure-time curves from piezoelectric gauges located on the 
extension of the longitudinal axis and in the bisecting plane of 
Mark 8 Demolition charges (25 ft hose filled with 50 lb TNT) fired 
under water are interpreted quantitatively in terms of time phenomena, 
and qualitatively in terms of pressure time phenomena by consideration 
of the geometry of the experiment, detonation velocity (v), and 
velocity of sound in sea water (a). For gauges off the initiating 
end, (gauge position A) tp - ty = @(1/c + 1/v), where ty is the 
arrival time of the first signal to reach the gauge, tr the arrival 
time of the final signal to reach the gauge, and -@ is the charge 
length. For gauges off the opposite (non-detonator) end of the 
charge (gauge position B), tp - ty = 4(1/c - 1/v). For gauges in 
the bisecting plane (gauge position C), at small charge-to-gauge 
distances (rc) for which t,, the arrival time of the signal from the 
detonator end of the charge, is greater than ty, 


ty = (1/v) 42 + (xo/e) (v2 - 0) 
The arrival time of the signal from the opposite end of the charge is 


by otttets [0° oe An 


* 


Pressures measured by gauges in position B are 20-40% greater 
than those measured in position A, and those measured in position C 
are several fold greater. These are so compensated by the durations 
that differences in impulse in the various orientations are not 
significant. Shock-wave energies obtained from position C are several 
fold greater than for positions A and B, which do not differ 
significantly from one another. These relative parameters off the 
ends and side of a cylindrical charge agree with the recent 
theoretical results of Polachek, 10) and confirm earlier results 
obtained at UERL on somewhat more symmetrical cylindrical charges. 

* Superscript numerals refer to List of References at the end of this 
report. 
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SHOCK-WAVE PARAMETERS MEASURED OFF THE ENDS AND PERPENDICULAR BISECTOR 
OF LINE CHARGES 25 FT LONG CONTAINING 50 LB OF FLEXED TNT 


I. INTRODUCTION 


1. Nature of Problem 


A great many measurements of the primary shock wave have been made 
for large charges, usually of symmetrical cylindrical shape (i.e., 
height = dianoter}, although spherical charges have been used in certain 
experiments.1,2) To develop a better understanding of the fundamental 
nature of shock waves as they are affected by charge shape, a number 
of different charge shapes must be used. Such studies have been 
carried out on small charges photographically3) and with piezoelectric 
and diaphragm gauges’) at UERL, on Cordtex (similar to primacord) by 
the Britjsh,5) and have been investigated theoretically by Rice and 
Grinnel. 97) Owing to instrumental and experimental limitations, 
the Cordtex experiments did not yield as much information as was desired. 
To obtain more information, a number of measurements of the shock wave 
have been carried out at UERL with gauges on the extension of the 
longitudinal axis and also on the perpendicular bisector of 50 1b 
"flexed" TNT charges, 25 ft long. The results so obtained are in agree- 
ment with calculations made by considering the relative velocities of 
the detonation wave through the explosive and of the shock wave through 
water. They cannot be compared directly, however, with the calculations 
of Rice,6,7) owing to his assumption of infinite detonation velocity and 


charge length. 


II. EXPERIMENTAL ARRANGEMENTS 


2. Charges 


The charges used in these tests were US Navy Mark 8 demolition 
charges, which contained 50 lb of "flexed" INT in a 2 in. inside 
diameter rubber hose 25 ft long. ("Flexed" TNT is prepared by 
pouring the molten INT into the rubber hose, which is then subjected 
to continued flexing until the INT has solidified in the form of 
densely packed crystals.) As will be noted in Fig. 1 a tetryl booster 
was cast into each end of the charge; the charges were detonated 
statically by means of a US Army Engineer's Special Electric Detonator 
placed in one or both of the ends of the charge, as desired. 


3. Instrumentation 


Four pairs of piezoelectric gauges were arranged at four distances 
from the charge, on a horizontal line 40 ft below and parallel to the 
water surface. These gauges were all forward of the charge as it was 
towed through the water. Two light gauge blocks, each mounting two 
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UERL diaphragm gauges, were similarly arranged at two distances aft of 
the charge. A full description of the oypee of instruments used has 
been reported previously in UERL reports. 28) 


4e Rig 


The various gauges were attached to one another and to the charge 
by steel spacer cables which were maintained taut by the drag of the 
sea anchor moving through the water at the extreme aft of the rig. 
When measurements were being made with gauges off either end of the 
charge, the charge was lashed along the steel spacer cable in the correct 
position. Five surface floats were affixed equidistant along the charge 
to maintain its alignment with respect to the gauges. This is shown in 
Fig. 24. When measurements were being made with the gauges off the sides 
of the charge, the charge was lashed with its mid-point at the spacer 
cable to a vertical line running from a surface float to a 55 1b weight 
below the charge. In addition, the charge was bridled at four points 
forward to the spacer cable, as shown in Fig. 2B. 


III. RESULTS 


5. Pressure-Time Curves 


To simplify the further consideration and discussion of this group 
of experiments, the various gauge positions and distances have been 
defined as indicated in Fig. 3. In practice only one of the gauge 


POSITION 
=o 


e 


dx 
POSITION DETONATOR t= x r | Bane 
eB x CHARGE 
— -—©- - ——- ————— - | AXIS 
WAL te sol ia ora 
PERPENDICULAR 


t+— BISECTOR 


FIG. 3 
GAUGE POSITIONS RELATIVE TO LINE GHARGE AND DETONATOR 


positions indicated by Position A, Position B, or Position C was obtained 
from a single shot, three different charges being fired to obtain data for 
all three positions. However, measurements at four different distances 
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along a given direction from the charge were obtained on each shot. 


The pressure-time curves obtained from the ends (Positions A and B) 
of these long cylindrical charges were characteristically different from 
those of spherical charges or cylindrical charges with the ratio of 
length to diameter not greater than 2. In addition, the pressure-time 
curves with gauges off the detonator end, off the non-detonator end and 
off the sides, are distinctly different from one another (records from 
Position A, B, and C, respectively). The characteristics of pressure- 
time curves from various positions about long cylindrical charges are 
illustrated in Figs. 4 and 5, where t; is the arrival time of the first 
signal to reach the gauge, tr the arrival time of the signal from the 
charge element producing the final signal to reach the gauge, t, the 
arrival time at the gauge of the signal from the detonator end of the 
charge, t_Z/5 the arrival time of the signal from the midpoint of the 
charge, and ty the arrival time of the signal from the non-detonator 
end of the charge. The pressures corresponding to tp and ty are 
Pr and Pye The actual time of detonation of the charge element at 
x = 0 is the zero point on the time scale. The pressure measured at 
the gauge between times t; and tp does not show the initial exponential 
decay obtained with spherical or more symmetrical charges, but is 
sustained by the finite detonation time of the charge. Not until 
detonation is complete, and no further contribution to the shock wave 
from detonating explosive is reaching the gauge, does the shock wave 
begin decaying more rapidly (at time t,). 


6. Experimental Data 


Table I gives the experimental pressures (p, and p,), durations 
(tg - ty), and momenta ( f pdt) and energies (1/7 6° f pedt) together 


with their integration times for the various gauge positions and 
distances used. In Table II are presented the experimental data for 
the UERL diaphragm gauges, with thin (0.038 in. standard thickness) 
and medium (0.085 in. standard thickmess) diaphragms at various 
distances from the charge for the three charge orientations. 


IV. DISCUSSION 
7. Non-Linear Interaction of Shock Waves 


The treatment of the pressure-time function at a given point in 
space as a summation of the contributions of the elements of a line 
charge is extremely difficult because of the complicated non-linear 
manner in which shock waves of finite amplitude interact. A linear 
super-position theory would, under the conditions employed for the 
off-end shots in these experiments, fail to account for the observed 
initial peak pressure, but would predict instead a finite and 
measurable time of build-up to a maximum pressure. A more nearly 
correct theory is no doubt possible, but no quantitative discussion 
of the pressure-time relationships as a function of distance and 
orientation from the charge will be attempted here. The qualitative 
features which appear to be related to the times of detonation of each 
charge element and to the corresponding transit-time of the shock wave 
from each element to the gauge, as estimated by the acoustic approxi- 
mation, will be discussed in detail. 
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Shot Channel Ta Py Pp te-ty E Integration E Integration 
No. Time for I Time for E 
RE- (ft) (psi msec) (psi_sec) (msec) (in. 1b/in?) (msec) 
398 At 205 4100 =- == 5.06 8.0 1198 8.0 
398 2 2.5 4400 <= == 5.09 8.0 1317 8.0 
399 1 205 3750 == -- 4.46 7.0 1001 7.0 
B99 2 2.5 4000 -- -- 4.250 7.0 1133 7.0 
400 at 2-5 4350 -- = 4.25 7.0 982 7.0 
400 2 25 3300 -- -- 2.12 0 7.0 
Average 205 4067 == =: 435 713 1029) 7 eo 
= 398 Bele ee COM COMICS 1.45 6.5 75.8 8.0 
aS 398 4 1265 780 -- -- -- -- 83.5 8.0 
ee 399 3 1285 1680) 940) (6i55 aLBEM/ 6.5 Theol 7.0 
399 4 12.5 TELS neds) 1.10 6.5 58.2 10 
ae CO 3 iz) 5) 810 80 6.5 IL Sit 6.5 86.0 7.0 
5, 400 paeeeiee 5) | 80) 160) 6.5 29 _ 65am 67.2 7.0 
wm Average a6) OM OMNOe> 1.34 6.5 The2 7.3 
o- 398 5 3565 27OMmMCOMG es 0.638 6.3 13.5 8.0 
p, 398 6 35.5 AO MmON Ole 0.682 6.4 15.5 8.0 
399 5 3505 260 35 == = == == =e 
ay) 6 35.5 260 65 -- -- -- -- -- 
«o 400 5 35.5 295 40 6.4 0.598 6.4 aise 7.0 
= 00 6 3505 SON MOO ed, 0.686 6.4 WAT Fo) 
< Average G585 | 278 55 6h AC BS ae re ey ee 
3a 398 7 5565 TSO) 45 NG.4 0.452 6.4 6.65 8.0 
398 8 55.5 160" 30° 6.4 0.401 6.4 5-32 8.0 
399 4 5565 253) 50 -- -- -- -- -- 
399 8 5)5105) 160 52 -- -- -- ce -- 
400 1 55.5 190 41 6.3 0.440 6.3 6.26 7.0 
4,00 Biees5.5 200 55) 6.4 0.522 64 8.30 TAO 2 
Average 5505 17446 6.4 0.454 6.4 6.63 725 
TB 
397 al 7355) 64,00 -- -- 2.82 4.2 984 4.2 
Ge) heyy) 2 2.5 7200 -=-- =e 2.75 4.2 926 4.2 
403 at P2EI5) 6200 -- == 2.80 hee 942 4.2 
= 403 2 Pep ein400. (sas SS 2.70 4e2 940 4e2 
2 Average 2.5 6800 -- -- BETAS 4e2 948 4.2 
ay | 3 Tee F TsO) M9OMIMSI96 1.16 3.96 80.6 4e2 
i 397 4 12.5 S705 70” 7.0 0.992 4.0 62.9 4e2 
my 4os 5} 12.5 900 170 3.9 1.30 3.9 91.8 4.2 
a 4,03 4 a5) 920 120 3.9 ee 39 74.6 4.2 
pa, Average ep 980) 3153) 359 1.14 3.9 775 4.2 
SM 5 3505 390.95 3.85 0.588 3.85 18.6 4e2 
So, 6 3545 390 84 3.8 0.531 3.8 17.6 hed 
So 403 5 B)aa5) 370 (80) 3.8 0.540 3.8 16.0 4e2 
p> 403 6 SI55) 370 80 3.8 0.558 3.8 igjes} held 
“Average 35.5 380 85 3.8 0.554 3.81 17.4 42 
Si 397 G0 Goose DIE ar ees 0.383 3.8 7.64 ee 
397 8 p05) 267 67 3.8 0.407 3.8 8.55 4e2 
403 7 5505 23 Ol Seo 0.384 3.8 Wave hed 
4,03 8 5505 ZOOM co> 0.420 3.85 9.09 he2 
Average 5 2 6 8 0.398 sO 2 Se oor eee 


TABLE I 


PIEZOELECTRIC GAUGE RESULTS FROM 50 LB TNT LINE CHARGES 


SINGLE-ENDED DETONATION 


GAUGE POSITION C, 


DOUBLE-ENDED DETONATION 


GAUGE POSITION C, 


TABLE I 


PIEZOELECTRIC GAUGE RESULTS FROM 50 LB TNT LINE CHARGES 


Li's 


Shot Channel I> Py Pp tr-ty i Integration E Integration 
No. Time for I Time for E 
RE- ft si si) (msec si_sec msec in. 1b/in? msec 
409 1 5 11,600 1000 2.43 3.54 2.45 24,38 2.45 
409 2 5 QS =- 2.58 ce 2 a =< 
411 1 by alee} alJoi)p 4.23 2.45 3023 245 
411 2 5 12,300 900 -- -- -- -- -- 
412 1 5 10,500 1000 2,42 3.77 2.45 2725 2.45 
412 2 0,200 1000 2 1 2 238 2 
Average 11,460 1020 2.46 26 2 26. 2 
409 3 its} 4900 100 1.64 1.60 1.64 74125 1.60 
409 4 5 4870 200 1.58 1.38 1.58 524 1.60 
411 3 15 5000 300 1.68 1.80 Wee 671 1.80 
411 4 a5: 4900 200 1.56 1.60 1b5 2 603 1.80 
412 3 15 5100 120 1.65 1.42 1.65 610 1.70 
412 4 15 4450 110 1,61 ils 1,60 490 1,65 
ver 1 S707 206 52 1.62 60 1,6 
409 5 38 T2TON 230) AO 0.633 1.30 75.8 1.60 
409 6 38 1570 260 1.20 0.695 1.20 100 1.40 
411 5 38 750m lien 30). --- -- --- -- 
411 6 38 1920 365 1.08 0.723 1.04 13) 1.60 
412 5 38 sy/sto 25410) abe) 0.676 1.20 103 1.50 
6 8 1800-290 +1,10 0,7 1.10 126 35 
Average 8 166 2 1,20 0,690 ileal 10. af 
409 ie 58 835 200 1.30 0.461 1.30 34.9 1.60 
409 8 58 ere eee le --- -- - -- 
411 7 58 925 265 0.98 0.450 1.00 42.5 1.40 
411 8 58 1000 290 1.04 0.430 0.96 40.9 1.40 
412 7 58 1025 275 0.83 0.429 0.825 49.6 1.20 
412 8 58 965 2epuelees 0.476 1,20 42.1 1.58 
8 le} 1,08 0) 1,06 2,0 ae 
410 eft 5 18,000 -- 1.06 --- -- -- -- 
410 2 5 18,000 1400 -- --- -- -- -- 
413 a), 5 18,000 1600 1.20 --- -- -- -- 
413 2 5 19,000 1400 1.20 === -- =F = 
415 al 520,400) == -- --- aS = DS 
al 19,300 1700 1,1 16 eae 810 abit) 
Average alsyyfsie\ Bley) Salsa 16 Weal 810 Te 
410 3 15 7500 600 0.52 1.47 ON52 1136 0.72 
410 4 15 8400 400 O.A7 ieee 0.50 914 0.56 
413 3 Spel 500 350) == -- -- == =e 
413 Rp 15 10,000 400 -- -- -- -- -- 
415 3 15 10,000 600 0.50 1.40 0.50 1057 0.63 
1 1 -- ---_ -- -- -- oe -- 
Average 1M OUeO _A7Ol 0,502 1.360 o 0.5) elORo memnnp Ce 
410 5 38 3710 210) 0.46 0.498 0.42 176 0.56 
410 6 38 3800 200 0.43 0.554 0.44 203 0.60 
413 5 38 3900 320) <= <-> SS === =o 
413 6 38 -- --- -- --- -- --- -- 
415 5 38 3630 250 0.49 0.616 0.49 218 1.80 
415 6 is} 650 00 0,42 0,6 0.42 277 0.60 
Average 8 938 6 0. 0.576 0. 218 0.8 
410 7 58 2240 195 0.47 0.373 0.48 76.0 0.84 
410 8 58 2650 200 O.44 0.374 O44 86.2 0.72 
413 7 58 1740 90 -- --- -- a ot 
413 8 58 1710 90 == --- =e == = 
415 i) 58 2340 210 0.50 0.423 0.49 98.0 0.80 
at 8 8 1950  ---  _—-- --- -- 2 0.87 
Average 8 210 157__0.47 0,390 0.47 aE RSE 88. fae 1 
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TABLE II 
DIAPHRAGM GAUGE RESULTS FROM 50 LB TNT LINE CHARGES 


Plate deformation in inches x 100 


DISTANCE FROM CENTER OF CHARGE 
(ft) 
Thin Plates Medium Plates 
Standard Thickness = 0.038 Standard Thickness = 0.085 


25 20 15 


Shot No. 
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8. Time Phenomena 


The abrupt increase in the rate of decay of pressure with tine, 
which was observed in the records dof Figs. 4 and 5, may be qualitatively 
correlated with the termination of sustaining contributions to the 
pressure by the detonation of new elements of the explosive charge. 

The times at which these breaks should occur may be estimated from 
simple considerations involving the velocity, v, of detonation, 

the velocity, c, of the shock-wave transmission through the sea water 
(assumed acoustic as a first approximation), and the geometry of the 
gauge-charge system. Figure 3 shows the geometric arrangement for the 
three cases involving detonation at one end of the straight line charge. 


Figures 4 and 5 are actual photographic reproductions of typical 
piezoelectric records for the various experimental conditions. In the 
shot illustrated by Fig. 5C, the detonations of the two ends of the 
charge were not simultaneous. It will be noted that the second peak, 
which is barely visible at To = 5 ft, is equal to the first peak when 
[oo 58 ft. The records for this shot are included for interest only. 
No quantitative analysis of any sort was attempted. 


It should be noted that the pressure scales in Figs. 4 and 5 are 
different for the various distances. 


A. Gauge Position A, on Charge Axis, Near Detonator. Let t = 0 
at the time of initiation of detonation. The first signal of the 


explosion then arrives at gauge A at the time 
ty = r,/e (1) 


and the signal from the last element of charge contributing to the 
pressure arrives at the time 


te = ble + (b+ r,)/c (2) 
The difference 
te ft, = be + Iv) (3) 


represents the time after the shock front that the gauge pressure-time 
record should show an increase in the decay rate. This "duration" for 
gauges on the charge axis is seen to be independent, in the acoustic 


aauie 
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approximation, of the distance from charge to gauge. Figure 6 shows 
the comparison of observed durations with those calculated from 
Eq. (3) using the approximate velocities, v = 19 ft/millisec and 
ec = 4.75 ft/millisec. 
B. Gauge Position B, on Charge Axis, Away from Detonator. The 


first signal to arrive at gauge B is from the charge element at x = L 
i.e., the explosive farthest from the detonator. In this case, 


t, = Ly + r,/e (4) 
The final signal is from the charge element at x = 0, and 
tp = (2 + 3r,)/c (5) 
Thus the duration is 
te - t, = Li(lfe - 1/v) (6) 


Comparison with observed durations in this gauge orientation are also 
included in Fig. 6. 


It is interesting that the ratio of the durations at the two axial 
gauge orientations relative to the initiator end is independent of the 
charge length. 


duration near the detonator £ UNEtUO 2715 (7) 
duration away from the detonator voc 3 


C. Gauge Position C, in Charge-Bisecting Plane, One End Detonated. 
This case is considerably more complicated to treat than are the cases 
in which the gauges are on the charge axis. The principal difficulty 
arises from the fact that the initial signal to reach the gauge at 
time t; may come from a charge element, x,, at 05x, = 2/2, depending 
upon the distance ro of the gauge from the charge center. This is 
illustrated in Fig. 7. For convenience t, - t, is used in place of t, 


(the time of arrival of a signal from a charge element x ft from the 
detonator) to reduce the scale of the graph. "Break points", or points 
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at which the pressure-time curves might show increased decay rates 
related to the cessation of contributions from explosive elements 

on the two sides of x, may be expected to occur at t, and ty, 
representing the contributions of suerse elements at. x= Oandx = 4, 
respectively. For rg » &(v2-c¢ 2)3/2c = R, ty; = ty. The expressions 
for ty, x4, ty, to, and t % are as follows: 


t -8+2 [22+ ¢- ne]? (8) 
x, > $- er | - 2] * forro<R (9) 
x, = 0 for rg>R (10) 

ty = 2 Ze *¢ (v2 = 2 | forrg< R (1) 
t,=t, <4 [0 + 4? | 2 torr, ZR (22) 


ty =t 2.4.2 [12+ (4?|? (13) 


forex i& Re pha) 
te - ty = bys for - ZR (15) 


In this case, tes the time of arrival of the finak signal at the 
gauge, is always equal to t,. The times of breaks on the pressure- 
time record as measured from the shock front, assumed to coincide with ty» 
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are then given by the appropriate intervals t, - ty and ty - ty. These 
are given in numerical form below as functions of ty for the experimental 
conditions used in this study, i.e., the op ee 4 = 25 ft, 

v=19 ft/millisec and c = 4.75 ft/millisec (v = 4c) have been made. 


Vea i 0.6580 - 0.2039 To + a [ =? + 156.25] # millisec 


for r,< R (16) 
t, - t, = 0 forr,>R (17) 
te-ty sty - t= 1216+ to - ty (18) 


The line representing Eq. (18) is plotted in os 6 ror curve ) 

and the observed break times corresponding to tr are shown to 
agree well with this simple calculation. The peak huge corresponding 
to to - ty, which might be expected to occur when r.< R = 48.4 ft, 
were, however, not distinguishable on all the records, since they 
usually occurred too close to the initial peak where the decay is 
extremely rapid. The points observed, however, agree well with the 
theoretical values (dash-dot curve of Fig. 6). The critical distance R 
is indicated by the short vertical dotted lines intersecting each curve 
at 48.4 ft. At distances greater than this critical distance the time 
differences are constant. 


D. Gauge Position C, in Bisecting Plane, Both Ends Detonated 
Simultaneously. From the symmetry with respect to the time of signals 
from x and @& - x, the time factors for this case can readily be 
derived as equivalent to those for the single-end initiation of a 
charge of length -6/2 with the gauge in a plane perpendicular to the 
charge axis through x = Ze/2. The expressions for t,, x; and tp are 
the same as given under c. The additional term req red, t La» is 


L % 
t b/2 Sa ees 0.6580 + 0.2105 tT (19) 


Break points are thus expected at 
EGe 
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apr Pee -0.6580 - 0.2039 Tr + 4 [=0? + 156.25 | & nillisec 


2 held 
for rg <R (20 
(t, - ty 20 for r¢ > R) (21) 
as before, and at 
t £2 - ty = 0.0066 rq for Tr, < R (22) 


vets ketene | 
t be t, = 0.6580 + 0.2105 [= (rp + 156.25) millisec 


for rp 2R ; (23) 


For double-ended detonation, there is a second critical distance R', 
at which t fyp = to. When rg =R', tp = tp, and when rp SR’, 

tp = t J/g- The theoretical lines for tp - ty, ty - ty, t Bo - ti 
and t f Wey t, are given in the lower portion of Fig. 6, and the 
observed values of tp, - ty are plotted. The critical distances 

R! = 23.4 ft, and R = 48.4 ft are indicated by vertical dotted lines. 
te - t, slowly approaches a limiting value of 0.658 millisec as T> 
increases. 


The theoretical expressions for t,, t,, tg,» t 4/2) and tp are 


summarized in Table III, and the appearance of these points on the 
pressure-time curves is indicated in Figs. 4 and 5. 


For all charge orientations and conditions of firing, the 
observed time intervals fall further below the calculated time 
intervals as the charge-to-gauge distance increases. This is what 
one would expect from the assumption of constant shock-wave velocity 
in calculating the time intervals. Actually, the latter part of the 
pressure wave, travelling in a higher pressure region, has greater 
velocity, and gradually overtakes the shock front. The greater the 
distance from the charge, the more pronounced will be this overtaking 
effect. 
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TABLE III 


EXPRESSIONS FOR THE ARRIVAL TIMES AT A GAUGE OF SHOCK WAVES 


FROM VARIOUS PARTS OF A LINE CHARGE 


GAUGE POSITION 


Single-ended Double-ended 
Detonation Detonation 


Same as for single- 
ended detonation 


Same as for single- 
ended detonation 


t,, for ro < Rt ** 


t for r R! 
L/2? Cc > 
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9. Pressure, Impulse, and Energy Measurements 


The values for the initial pressure (p,) for gauge positions 
A, B, and C, and for the final pressure (Pp for gauge positions 
A and B, are plotted as a function of distance in Fig. 8. The dash-dot 
line shows for comparison the corresponding pressures from a spherical 
charge. Also, as mentioned previously, pressures at position A are 
about 20-40% lower than those at position B, and at both A and B the 
pressures are several fold lower than at position C. This is, of 
course, in part due to the way in which the various r's have been 
defined, 


At position C, close #8 the charge the slope approaches the 
Rice-Ginnell theoretical6»7 slope for an infinitely long line 

charge with infinite detonation velocity; at greater distances, the 
slope approaches that for spherical charges,1,2,9) and is also at 
about the same absolute level. Even though the theoretical slope for 
line charges is in good agreement with the measured limiting slope 
close to the charge, it does not agree in absolute level, being about 
30% higher than for a single-ended detonated charge and about 30% 
below a double-ended detonated charge. As the Rice-Ginnell theory 
assumes infinite detonation velocity, and it is reasonable to 

suppose that a double-ended charge approximates infinite detonation 
velocity more closely than a single-ended charge, it would appear that 
the theory would be even more than 30% below such experimental data 

as might be used to check it. (Note that although the data are plotted 
as p vs W1/3/r as is usually done for similitude, actually only 50 lb 
charges were fired. The relation found probably should hold for 
charges of different weights, provided the ratio of charge length to 
diameter were kept the same.) 


The reduced impulse is plotted against W1/3/r (W = 50 lb) in 
Fig. 9. This impulse was obtained by integrating over roughly the 
interval tp - tj. Also plotted is the reduced impulse for spherical 
INT charges, the integration time being 6.70, where 9 is the time 
constant of the shock wave. In contrast with the pressure measurements, 
impulse measurements do not differ radically from one another. Con- 
sidering the fact that the pressure-time curves were integrated over the 
interval tp - t;, which differed for positions and methods of detonation, 


the data indicates that the total shock-wave impulse is about the same 
for the different conditions and not widely different from that of a 
spherical charge. Since from acoustic theory the pressures at 
positions A and B are in the ratio p,/pp = (c - v)/(c + v), and the 


durations are in the opposite ratio (tp - ty) ,/(te - ti), =(e+v)/(c - v), 


the tmpulse should be virtually the same at A and B, when T, 7 Tp- The 


apparent agreement in absolute level with the reduced impulse for spherical 
charges plotted in Fig. 9 is partly fortuitous, owing to the arbitrary 
times of integration. 


Reduced energy is plotted against wl/3/r for 50 1b charges in 
Fig. 10 and the same remarks made about pressure and impulse with regard 
to weight, integration times, etc., apply equally well here. 
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10. Diaphragm Gauge Measurements 


The deformations of the steel diaphragms used in the diaphragm 
gauges at various positions aft of the charge are given in Table II. 
(Note that the shot numbers for position A and position B are inter- 
changed from those of piezoelectric gauges due to the diaphragm 
gauges being on the opposite end of the charge from the former.) 
These deformations have been plotted against distance (log-log) in 
Fig. 11, together with the deformation-distance relation for normal 
cylindrical 50 1b TNT charges (ratio of length/diameter = ca. 1.7). 


The relative magnitude of the deformations for the various 
gauge positions with respect to the charge follows the relative 
magnitude of peak pressure (Fig. 8) rather than that for impulse 
(Fig. 9). This is in accord with previous observations at UERL 
wherein the diaphragm gauge deformations on large charges, owing to 
their short response time relative to the time constant of the 
pressure wave, follow peak pressure; for small charges, where the 
response time of the gauge is long compared with the time constant 
of the shock wave, the diaphragm gauge deformations follow the impulse. 
Deformations measured off the non-detonator end of the charge 
(position B) are greater than those off the detonator end (position A). 
Owing to the "piling-up" of the shock wave in position B, the pressure 
averaged over the reaction time of the gauge is thereby greater than 
that in position A. The same effect is noted for double-ended 
detonated charges compared with single-ended detonated charges with 
gauges in the bisecting plane of the charge (position C). 


The slope of the log deformation-log distance curves for the 
positions off the ends of the charge is greater than that for 
positions in the bisecting plane, as the curves were plotted. This 
is probably due to the fact that the distances plotted were as 
measured from the center of the charge (rg + 4/2, or rp + 4/2). 

The gauges off the ends, therefore, are actually nearer the end of the 
charge than indicated, and the difference is relatively greater for 

the gauges closest to the charge, hence the greater slope. If 
deformations for more than two distances were available, this would 

be indicated by an upward curvature of the line at smaller distances. 
When these deformations are plotted against the distance to the nearest 
ends of the charge the slope diminishes to approximately that obtained 
in the bisecting plane (which is roughly equal to that from nearly 
symmetrically shaped cylindrical charges). 


Compared with nearly symmetrical cylindrical charges of equal 
weight, the deformations measured off the ends of the line charges are 
much lower. Line charge deformations are about equal when measured 
in the bisecting plane of charges detonated from both ends. These 
data are in agreement with the piezoelectric gauge results. 
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Energy Partition in Underwater Explosion 
Phenomena* 


A. B. Arons AND D. R. YENNIE 


Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 


and 


Stevens Institute of Technology, Hoboken, New Jersey 


Pressure-time curves, 


continuous from initial shock wave incidence through the second 


bubble pulse, are examined in the light of acoustic theory. Calculations of impulse and reversible 
and irreversible energy flux are made for the various phases of the phenomenon. An estimate 
has been made of the amount of energy dissipation associated with the propagation of the 
shock front. A tabulation of the energy partition is included, and it is shown that substantial 
quantities of energy are radiated or dissipated by mechanisms other than these taken into 


account in this discussion. 


I. INTRODUCTION 
1 


OST of the energy released by the detona- 
tion of an explosive charge is ultimately 
imparted to the surrounding medium and be- 
comes distributed among the various phases of 
succeeding phenomena. It is the purpose of the 
present investigation to examine the distribution 
of this energy in underwater explosions, particu- 
larly from the point of view of making a complete 
interpretation of data now available in the form 
of pressure-time curves. 

In general, underwater explosions are charac- 
terized by the emission of a shock wave followed 
by a series of pressure pulses caused by subse- 
quent oscillations of the gas globe containing the 
products of detonation. A typical pressure-time 
record is reproduced in Fig. 1. 

At the instant following detonation the re- 
leased energy is present in the form of potential 
energy of exceedingly high pressure and tempera- 
ture in the resulting volume of gas. As the gas 
proceeds to expand it transfers energy to the 
water. Part of this energy is ‘“‘radiated"’ in the 
sense that it is not stored as reversible potential 
energy in the water. Rather, it is gradually 
dissipated by conversion into thermal energy 
which elevates the temperature of the fluid 
through which the pressure wave is propagated. 


* This investigation was supported under contract with 
the Navy Department, Bureau of Ordnance. Contribution 
No. 449 from the Woods Hole Oceanographic Institution. 


2 


The remainder of the energy transferred to the 
water is imparted to it as kinetic energy, the 
water being pushed radially outward against the 
opposing hydrostatic pressure. The gas globe ex- 
pansion continues until the energy available to 
this phase of the motion is stored as potential 
energy in the water. At this point the gas bubble 
has attained its maximum radius, and its in- 
ternal pressure has fallen well below that of the 
surrounding hydrostatic level. The potential 
energy now stored in the water is given by 


E,=(4/3)rA m1°Po, 


where A yj is the maximum bubble radius and Po 
is the absolute hydrostatic pressure. This will be 
referred to as a “‘reversible’’ energy, since it is 
returned to the gas globe on the succeeding 
collapsing phase. 

The collapse of the bubble and the following 
expansion are characterized by emission of the 
first bubble pulse, in which part of the energy E, 
is again radiated ‘‘acoustically.”. Thus all the 
potential energy stored in the water is not re- 
turned to the bubble as compressional energy in 
the gas** at minimum bubble size. An additional 


** If the charge is detonated under conditions such that 
the gas bubble undergoes appreciable migration because of 
the influence of gravity or boundary surfaces, a substantial 
part of E, will be imparted irreversibly to vertical motion 
of the water. The condition principally considered in this 
report is that in which the bubble migration is negligibly 
small. This, however, has no bearing on considerations 
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loss occurs on re-expansion, resulting in a value 
Axes (for the second maximum in the bubble 
radius) considerably smaller than A 1. 


3 


In addition to the energy observed in waves of 
compression and in reversible interchange be- 
tween the gas globe and the water, energy is also 
being continually dissipated because of various 
other factors such as: 


(i) radiation and conduction from gas globe, 
(ii) viscous loss in the water, 
(iii) turbulent loss in the water. 


4 


An observer at a fixed point (radial distance R 
from the center of the charge) would see a “‘flow”’ 
of energy past his point in the positive or nega- 
tive direction of R, depending upon the phase of 
the explosion phenomenon. Piezoelectric gauge 
measurements provide a record of pressure vs. 
time at just such a point of observation. In order 
to investigate the energy flux, it is necessary to 
have a relation between energy and the variables 
pressure and time. These relationships are de- 
veloped in the following chapter. 

The experimental results to be quoted subse- 
quently were all obtained from measurements 
on TNT. 


Il. GENERAL EXPRESSIONS FOR ENERGY FLUX 
by tS 


sn this report the energy flux will be defined as 
the amount of energy that passes through a unit 
area of surface during a given time interval. In 
the case of spherical symmetry this energy flux 
pertaining to events up to the first bubble maximum, since 


migration never becomes appreciable until the phase of 
bubble collapse. 


will be uniform over the surface of a sphere, and 
the total flow of energy through the spherical 
surface will be given by: 


E=4nR°F. (1) 


The symbol E will be used to designate the 
total energy flow through the surface, and a 
component of the total will be indicated by 
attaching a suitable subscript. The symbol F will 
be used in a similar way to represent the energy 
flux. 

In general, the energy flux will be found to 
consist of a number of components varying 
inversely as some power of the radius: 


F=F,/R"+ F,/R™+F3/R™-+--- etc. (2) 


If the value of an exponent m happens to be 2, 
Eq. (1) shows that the total energy flow, £, 
corresponding to that term will be the same at all 
radii and therefore the energy will be radiated 
away to infinity. If the value of is greater than 
2, the total energy flow will be smaller at larger 
radii, indicating that some energy has been left 
behind in the water. In some cases the energy 
left in the water is in the form of kinetic energy 
or other undissipated forms and therefore should 
be returned ultimately to the gas globe. In other 
cases it represents an energy which has been 
dissipated irreversibly and goes into heating of 
the water. 


6 


The general expression for what might be 
termed the ‘‘useful” total energy flow through a 
sphere of radius R relative to the center of the 
explosive charge is given by the following time 
integral : 


 7Ap 
b=4eR: [ (—+412+4n) pude, (3) 
0 p 


UNDERWATER EXPLOSION PHENOMENA 


where /= time measured from instant of incidence 
of the pressure wave, ¢;=arbitrary upper limit of 
integration, Ap =excess pressure (p— Po), a func- 
tion of time, Po=absolute hydrostatic pressure 
level at point of detonation, «= particle velocity 
relative to the unperturbed fluid, p=density of 
the fluid at time ¢, An =increase in internal energy 
of a unit mass of fluid relative to the initially 
unperturbed state. 

The term in Ap represents a compressional 
energy capable of doing work against the fluid 
external to the sphere through which it passes. 
The second term represents the kinetic energy of 
the mass of fluid moving past the point of 
observation, while the third term in An represents 
the increment of internal energy of this mass. It 
will be shown that at values of R which are large 
relative to the initial charge radius, the last two 
terms are both very small compared to the term 
in Ap. 


7 


The type of experimental data available for 
making an analysis of the energy flux consists 
mainly of pressure-time curves recorded by 
means of piezoelectric gauges.! 

Such data have previously been available for 
the shock wave to times of the order of 100, where 
6 is the time constant of the initially exponential 
shock-wave decay. Additional data have recently 
been obtained from bubble pulse measurements,” 
making it possible to extend the pressure-time 
curve from 106 through the second bubble pulse. 

If w in Eq. (3) can be expressed in terms of the 
variables Ap and ¢, it becomes possible to evaluate 
energy transfer from the primary pressure-time 
data. A rigorous development would involve the 
exact solution of the hydrodynamical equations 
of motion. Such a solution would involve ex- 
ceedingly laborious and complicated numerical 
integrations which are impractical except in a 
very few special cases. 

Fortunately the compressibility of water is 
sufficiently low to make the so-called acoustic 
approximation useful (and probably adequate) 
for the treatment of pressure-time data in the 

1J.S. Coles, OSRD Report No. 6240. 


2A. B. Arons, J. P. Slifko, and A. Carter, J. Acous. Soc. 
Am. 20, 271 (1948), and A. B. Arons, ibid. 20, 277 (1948). 
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The acoustic approximation in a case of 
spherical symmetry yields the following relation- 
ship for the particle velocity, u:4 


t 
Fp Rishi if Apdt, (4) 
0 


where 


po=the density of the unperturbed fluid, 
Co = (0P/dpo) so}, the velocity of sound in the fluid. 


The second term on the right-hand side of Eq. (4) 
is frequently referred to as the afterflow term in 
the particle velocity. 

Combining Eqs. (4) and (3) we find 


7A A 
E=4rR? f (+4044) ae 
op poCo 
th A 1,2 A t 
+f [" p/p) +3u?+ = aaa, 6) 
0 poR 0 


The sum (4u?+An) is small relative to Ap/p, as 
will be shown‘in Section 10; at low values of Ap it 
can be neglected entirely. A correction is justified 
at high values of Ap, but only the first term in 
Eq. (5) requires this correction since the second 
term is initially zero and does not acquire ap- 
preciable value until after the elapse of a certain 
amount of time, during which the pressure is 
decaying very rapidly. 

The Rankine-Hugoniot conditions*** afford 
relationships for u, U, and Ay in terms of Ap and 
the change in density across a shock front. (U 
represents the velocity of propagation of the 
shock.) 

An and wu in the first term of Eq. (5) are then 
replaced by the appropriate Hugoniot relations 


3H. Lamb, Hydrodynamics (University Press, Cam- 
bridge, 1932), p. 490. 

*** The Rankine-Hugoniot conditions are obtained by 
application of the laws of conservation of mass, momentum, 
and energy at the shock front (see reference 3). These con- 
ditions are: 

U=v0((p— Po) /(vo—v))}, 
u=((p—Po)(vo—v))}, 
An=4(Po+p)(v0—»), 
AH =An+A(pv) = 4(p— Po) (vo+v). 
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and Co is replaced by the propagation velocity U. 
This is equivalent to treating the fluid at time ¢ 
behind the shock front as though it had just 
passed from its unperturbed state through a 
shock front of corresponding amplitude Af, i.e., 
directly along a Hugoniot curve from 0 to Ap. 
Strictly speaking this is not correct, since the 
particle of fluid under consideration has actually 
passed through a shock front of greater amplitude 
at a preceding time and has returned to the 
pressure Ap along an adiabatic. Also neglected is 
the effect of spherical divergence on the particle 
velocity, u. However, the above substitution is 
introduced as a first approximation, and since the 
correction is quite small for all practical cases, the 
approximation is probably adequate. 

Making the substitution discussed above in the 
first term of Eq. (5) and neglecting $v? and Ay in 
the second term, one obtains, after algebraic 
manipulation: 


4rR? 41 (Ap)? 
E f cheer 
p Ap 
0 0 7 Sees 
poU 


+ if [ae fanaa A (6) 


For comparison, it is convenient to state the 
result yielded by Eq. (5) if 4u? and An are neg- 
lected throughout and Co is not substituted 
by U: 


1 fh 
E=4nR'| it (Ap) 2dt 
poCo “0 


+f [ae f° apaear. (7) 


It will be shown in Section 10 that Eq. (6) 
differs from Eq. (7) only in that the first term 
contains a correction factor which does not de- 
part from unity by more than a few percent at 
pressures as high as 20- or 30-thousand pounds 
per square inch. 


+ Note that the second integral of Eq. (6) may also be 
written in the form: 


mld. pat] 


this form being more useful for purposes of computation. 
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In acoustic theory Ap varies inyersely as R, the 
distance from the origin. Inspection of Eq. (7) in 
the light of Eq. (2) therefore indicates that the 
first term on the right-hand side represents 
principally “‘radiated’’ energy associated with 
what will be termed the “irreversible energy 
flux,’’ while the second term represents energy 
stored reversibly in the region covered by the 
shock wave. It should be noted that the small 
contributions made by 4x? and Ay to the first 
term are also reversible. 


Ill. THE FIRST TERM FOR THE ENERGY FLUX 
IN THE SHOCK WAVE 


To complete the development of expressions 
necessary for the interpretation of pressure-time 
data, we return to that part of the energy flux as 
given by the first term of Eq. (6): 


ley (Ap)? 
ei f ~ dt 
poro U—(Ap/poV) 


(8) 


The Rankine-Hugoniot conditions give a rela- 
tion for U in terms of Ap at a shock front: 


U=v9(AP,/v9 —2)}, (9) 


where AP, is the excess pressure at the shock 
front and vp and v are the specific volumes of the 
fluid ahead and behind the shock front, re- 
spectively. 

Combination of Eq. (9) with certain thermo- 
dynamic relations and with equation of state 
data‘ makes it possible to calculate U for corre- 
sponding arbitrary values of AP,. Such calcula- 
tions have been made for sea water at quite 
closely spaced values of AP,, and the results can 
be represented empirically by the following ap- 
proximate fit: 


U=C[1+5.6X10-8AP, 


—17X10-"(AP,)?], (10) 


where the excess pressure is expressed in 1b./in.?. 
For the purpose of obtaining a first-order cor- 
rection to the energy flux, the propagation 
velocity may be represented approximately by 
the following linear relation: 


U=C)[1+eAP,], 
U=C,[1+5.3 X10-®AP, ]. (11) 


4J. M. Richardson, A. B. Arons, and R. R. Halverson, 
J. Chem. Phys. 15, 785 (1947). 
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Equation (10) fits the results of reference (4) 
quite closely from zero to 60,000 p.s.i., while 
Eq. (11) represents a rough average fit of a 
straight line in the region from zero to 40,000 
p.s.i. Equation (11) falls slightly helow the true 
values at low and somewhat above at high 
pressures. 

Inserting Eq. (11) into Eq. (8), and carrying 
the result to first-order terms, the following ex- 
pression is obtained: 


1 t 1 
r= [ (ap)|1-(a--) per, (12) 
polo Yo K 


where k = poCo*. 

The same expression may be derived by ap- 
plying first-order corrections directly te the 
general expression given in Eq. (5): 


4 (Ap 
A= f (— +40 +n) out, (13) 
0 p 


where u is given by the Rankine-Hugoniot 
conditions 


u=(Ap/poU), 


and the internal energy increment, Ay, is ap- 
proximately the compressional energy of the 
fluid : 


An =3(Ap)?/kpo, (14) 


« being the bulk modulus. The kinetic energy per 
unit mass is 


3u? = }(Ap)*/po?U?~ $(Ap)*/po?Co? 
= 2(Ap)?/pox =An. 


Equation (12) is verified by substituting these 
relations in Eq. (13) and carrying the results to 
first-order terms. 

In its present form, Eq. (12) is unwieldy be- 
cause it requires integrations of both (Ap)? and 
(Ap)’. The term in (Ap)3, however, introduces 
only a small correction, and it is convenient to 
represent the average value of this correction in 
terms of one convenient parameter, such as the 
peak pressure of the shock wave. To do this, it is 
assumed that the shock-wave pressure varies 
exponentially with time. 


Ap=Pre "9, 


(15) 


EX PLUSLON 
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Although this is not a correct representation of 
the whole wave, it is (rue for times up to 1=8, 
from which region most of the correction to the 
energy flux actually stems. Therefore, applying 
this approximation 


) P,,*6 
if (Ap)*dt= i 
0 2 


zr 'P 4p Dn 
uf (Ap)*dt= = Bef (Ap) dt. 
0 3 n 


The first energy flux term then becomes 


1 1 " 
Fr=—-{1-3(a- Jen] f (Ap)*dt. (16) 
polo A ‘ 0 


The correction represented by the second term 
in the bracket is small (the order of a few percent), 
so that even though the correction itself might be 
subject to a large error because of the crudeness 
of various approximations, the final result for 
energy flux should not be greatly in error. For P,, 
in lb./in.?, and F; in in. lb./in.2, Eq. (16) may be 
written : 


1 4 
Fy\= [1-1.6x10-"Py] f (Ap)*dt. (17) 
0 


Polo 


Equation (17) is based on U as given by Kq. (11). 
This equation can now be used in the computation 
of the energy flux given by the first term of 
Eq. (5). 

This approximation can easily be carried to 
second-order terms, although for most applica- 
tions this is an unnecessary refinement. The 
result to second order is 


Fy,= [1—1.8X10-§P,, +4 10-!2P,,?] 


poCo 


xf cane. (18) 


Equation (18) is based on U as given by Eq. (10). 
If pressures are expressed in Ib./in.? and time 
in seconds, F, is obtained in in. lb./in.? by using 


poCo=5.58+0.00657, (19) 


where 7 is temperature of the water in degrees 
centigrade. 


‘ 
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The quantity poCy is commonly called the 
acoustic impedance of the medium. Equation (19) 
applies specifically to sea water having a salinity 
of 32 parts per thousand. 


10 


It is now possible to investigate the relative 
magnitude of the terms for internal and kinetic 
energy in Eq. (3). The part of the energy flux 
given by these terms is 


Fe= f (dout+ pn)udt. (20) 
0 
From Eqs. (14) and (15) 
gpu?=pAn=3(Ap)?/k, (14), (15) 


and the particle velocity is given by 
u=Ap/poCo, 


approximately. 

Using the exponential approximation for the 
pressure versus time relation, the part of energy 
flux given by Eq. (20) becomes 


ae (- --} fi 2d 
= — Ap) dt 
poCo 3 K 0 


1 t 
(2X 10-®P,,) it (ap)'dt, (21) 
poCo ry 


where pressures are in lb./in.? and the energy flux 
is in in. lb./in.2. The term (2X 10-§P,,) represents 
a fractional part of the total energy flux given by 
Eq. (17). The contribution of the kinetic and 
internal energy terms to the flux F; is, therefore, 


F, I> NGA 
OU eELCent: 
Pi NES 108 PS 


or approximately 


(2X10-4P,,) percent. (22) 


At the highest pressure levels so far investi- 
gated (ca. 30,000 to 40,000 Ib./in.?) this contri- 
bution is of the order of a few percent. For 
pressures below 10,000 Ib./in.? the contributions 
of the kinetic and internal energy terms are 
negligibly small. 
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IV. ENERGY DISSIPATION AT THE SHOCK 
FRONT 


11 


Acoustic theory, which does not admit dissi- 
pative effects, predicts that the pressure in a 
spherically divergent wave will decay as the 
inverse first power of the radial distance. It would 
naturally be expected that a finite amplitude 
wave should decay somewhat more rapidly, and 
this fact has been confirmed by experimental 
pressure-distance curves. 

As noted in Section 5, a decay of this type 
implies that some energy is being left behind as 
thermal energy in the water through which the 
wave has passed. Most of this dissipation can 
probably be ascribed to the irreversible thermo- 
dynamic process occurring at the shock front. 

Asan element of fluid passes through the shock 
front, it undergoes a sudden non-isentropic com- 
pression, the final state being determined by the 
Rankine-Hugoniot conditions.* When the pres- 
sure later drops to the hydrostatic level, it is 
found that the element of fluid has suffered a net 
increase of enthalpy (and entropy). This increase 
of enthalpy, which depends on the magnitude of 
the pressure at the shock front, is known as the 
dissipated enthalpy increment and will be desig- 
nated by the symbol h. 

The dissipated enthalpy increment is approxi- 
mately proportional to the cube of the shock- 
wave pressure for low and moderate pressures, 
the limiting law for low pressures being given by® 


h=(1/12)(d%/aP?),(AP.)*. (23) 


Using the Ekman equation of state* for sea 
water and applying Eq. (23), it is found that 
K=U52X10-“P,)*, (24) 


where kh: is in in.-lb./Ib. and AP, is in Ib./in.?. 
Equation (24) holds quite well for pressures up to 
5000 Ib. /in.?. 

12 


For higher pressures a modified adiabatic Tait 
equation of state has been used :4 


P=B(S)[(v/v)"—1], 


5 J. G. Kirkwood and H. Bethe; J. G. Kirkwood and E. 
Montroll, OSRD Reports No. 588 and 676. 


(2S) 
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where n =7.15 and B(S) =44,400 Ib. /in.?. v; is the 
final specific volume after return to hydrostatic 
pressure, and 1 is the specific volume immediately 
after the passage of the shock wave. This equa- 
tion of state leads to the following formula‘ for 
the dissipated enthalpy increment: 


Bu, V1 be n+1 Vy wl v 
10) 1 
2 v n—1 v Vv} 
B(v1—v WW 
pee) “1(“) -1| (26) 
2 v 


The term v appearing here is the specific volume 
of the fluid before the arrival of the shock front. 
The last term on the right is relatively small and 
may be neglected for shock pressures under 
40,000 Ib. /in.?. 

Figure 2 shows a plot of / as a function of the 
shock pressure, as computed from Eq. (26). 
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In a spherical wave the energy dissipated be- 
tween two spherical shells is given by 


Re 
Be ‘i R°H(AP.)dR, (27) 
Ri 


where h(AP,) is the dissipated enthalpy incre- 
ment at pressure AP,, and AP, is the excess shock 
pressure at distance R from the origin. 

This integral can be evaluated in the low pres- 
sure region by use of Eq. (25) and at higher 
pressure by use of Eq. (26), providing experi- 
mental data are available, giving AP, as a func- 
tion of the radial distance R. 

Reliable pressure-distance data, based on 
piezoelectric measurements, are available up to 
pressures of 20 to 30 thousand Ib./in.2. A few 
experimental points based upon measurement of 
spray dome velocities are available at higher 
pressures, but values for the region between the 
surface of the charge and the 30,000 lb./in.? 
pressure level must be based principally upon 
theoretical calculations such as those of Kirk- 
wood, Bethe et al.,5 or Brinkely and Kirkwood.® 

Available estimates of the pressure in the 
water at the surface of the charge range from 30 


6S. R. Brinkely and J. G. Kirkwood, Phys. Rev. 71, 606 
(1947). 
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to 50 kilobars. The calculations cited® * both lead 
to values close to 36 kilobars. 

In Fig. 3 the pressure-radius similarity curve 
for TNT is shown extrapolated back to two 
arbitrary values at the charge surface. The value 
of 36 kilobars or 520,000 Ib./in.? is considered to 
be the order of magnitude of the actual peak 
pressure. The similarity curve extrapolated to 
1,000,000 Ib. /in.? is given for purposes of compari- 
son as a possible upper limit of error. Isolated 
experimental values from dome velocity measure- 
ments are plotted on the same figure. 

Using values from Fig. 3, the integrand of 
Eq. (27) is shown plotted in Fig. 4. For the solid 
curve of this figure the empirical relation 
x?h =1230x-!*8 (where x=R/W}) satisfactorily 
represents the integrand between the limits of 
x =0.136 and «=10. The dashed curve represents 
an upper limit to the integrand based on a peak 
pressure of 1,000,000 Ib./in.? at the charge. This 
curve is drawn to indicate the possible extent of 
the error in calculating the energy dissipation. 

From the empirical relation given above, the 
energy dissipated between any two spherical 
surfaces may be readily calculated: 


Ep 72 
—=Arpy f 1230x-!"38dx 
WwW 


= 
=4,300,000[ (W!/R,)° 8 — (W/R2)°8 ] 
in.-lb. 

Ib. chg.” 


(28) 


where W is charge weight in. lb. and R is in ft. 


ve 


DISSIPATED ENTHALPY INCREMENT h (LB) 
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Fic. 2. Dissipated enthalpy increment, h, versus shock front 
pressure, AP,. 
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Fic. 3. Peak pressure similarity curve for TNT. Legend: 
A isolated experimental points based on measurement of 
spray dome velocity. experimental curve based on 
piezoelectric measurements, extrapolated to a theoretical 
value at the charge surface based upon the results of 
reference 5, 6. — — — — similarity curve arbitrarily extrapo- 
lated to a value of 108 Ib./in.? at the charge surface. 


As an example, the amount of energy dissi- 
pated between the charge surface, (W!/R) =7.35, 
and a radius given by R= W?!/0.352 is approxi- 
mately 3,400,000 in. lb. per pound of charge or 
200 cal./g of charge. 

A calculation based on the dashed curve of 
Fig. 4 for the same limits of integration would 
yield roughly 25 percent additional dissipated 
energy. The actual error is probably smaller 
than this, but the above value is an indication, 
at least, of the uncertainties involved in the 
assumption of the form of the pressure-radius 
curve in the region very close to the charge. 

It must be remembered that an additional 
error, the magnitude of which cannot be esti- 
mated, is present because of uncertainty with 
respect to the equation of state data in the high 
pressure region. The equations used are based on 
extrapolation of experimental data‘ from pres- 
sures of 10 kilobars, and at high pressures 
actually imply applicability to metastable liquid 
water in the ice VII region. 
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It is now possible to compare the measured 
shock-wave energy flux at different radii with 
the loss caused by dissipation. Unfortunately, 
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Fic. 4. Dissipated enthalpy integrand, (R/W1})?h, versus 
R/W3 for TNT. Legend: based on solid curve, 
Fig. 3. - - — — based on dashed curve, Fig. 3. 


there is considerable scatter in the shock-wave 
data available, so that it is hard to state precisely 
what the energy flux is at a given radius, As a 
result, the total energy flow through a surface is 
known only to within about 5 to 10 percent, and 
although the total flow at a given radius may be 
known to within these limits, the experimentally 
measured dissipation, which is given by the small 
difference between flow at each of two radii, 
will be very appreciably in error. 

To illustrate this, for TNT the flux at W#/R=1 
is 2700+250 in. lb./in.2 Ib.4, and at W?/R=0.1 
it is 20.5-+1.5 in. lb./in.? lb.#. The total energy 
flow at W!/R=1 is then 4,900,000+450,000 in. 
Ib./lb. and at Wt/R=0.1 it is 3,700,000 + 270,000 
in. Ib./Ib. The energy dissipated in the interval 
W/R=1 to 0.1 calculated from these figures is 
1,200,000+720,000 in. lb./lb. The large uncer- 
tainty in the dissipated energy is immediately 
apparent. (These values are obtained from data 
taken at Woods Hole by J. S. Coles and his co- 
workers.) 

By the use of Eq. (28), the energy loss resulting 
from dissipation between W!/R=1 and W!/R 
=0.1 would be 1,760,000 in. lb./lb. This value is 
to be compared with that of 1,200,000--720,000- 
in. lb./lb. obtained above from the Woods 
Hole data. It will be noted that the two results 
agree within the limit of error of the experi- 
mental measurement. The calculated value, 
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based on a knowledge of the somewhat more 
accurate pressure-distance curve, is probably the 
better of the two. 


V. IMPULSE AND ENERGY FLUX ASSOCIATED 
WITH THE SHOCK WAVE 
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The general character of the pressure wave 
emitted by an underwater explosion is illustrated 
by the oscilloscope trace reproduced in Fig. 1. 
The first portion is generally referred to as the 
shock wave, and this in turn is succeeded by 
the first, second, etc., bubble pulses. The pres- 
sure-time record is continuous, and naturally 
there is no sharply defined demarcation between 
the various portions of the wave. For con- 
venience, an arbitrary demarcation will be intro- 
duced for the purposes of this report. 

The shock wave will be defined as the portion 
of the wave lying between the shock front (t=0) 
and the first bubble maximum (¢=¢a1) which 
occurs at the pressure minimum lying halfway 
between the shock front and the peak of the 
first bubble pulse. The first bubble pulse will be 
defined as the portion of the wave lying between 
the times of first and second bubble maxima 
(ie., between t=tfyi and t=ty2), etc., for the 
succeeding pulses. 

Usually, shock-wave pressure-time recording is 
carried only to times of the order of 100, where @ 
is the time constant of the initial exponential 
decay. Recently, a series of deep water measure- 
ments? has provided data making it possible to 
construct average or composite curves out to 
time twi as defined above. These curves are 
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based on measurements with 0.50-, 2.50-, and 
12.0-lb. charges of TNT at depths of 250 and 
500 ft. Gauges were placed at such distances as 
to keep the value of W!/R constant at 0.352 for 
each charge size. The curves are shown in Figs. 5, 
6, and 7. 
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The impulse delivered up to any time ¢ is 
defined by 


[= f “Apdl. (29) 


The shock wave has an initial positive phase 
of relatively short duration and high amplitude 
followed by a long negative phase of low ampli- 
tude. The positive portion of the impulse is of 
principal interest as far as damage considerations 
are involved. 

As the integration is carried to tari, the value 
of the integral becomes very small and in an 
incompressive system would become zero. In a 
compressive fluid the integral has a small posi- 
tive residual at ¢1, as indicated in the following. 

At tw: the bubble has attained maximum 
radius, and the particle velocity at its surface 
is zero. In the acoustic approximation the particle 
velocity as a function of time at a point in the 
fluid is given by 


Ap ae lee re 
+— f Apdt. 
polo poR Jo 


If we make an observation at R=A 41, where 
Am. is the maximum bubble radius, then at 


a 


(30) 


Fic. 5. Composite pressure- 


time curve for tail of shock wave. 
Explosive: TNT; charge depth: 


250 ft.; distance from center of 


charge: R=W}/0.352. Legend: 


@ time constant of initial shock 


wave decay, @, X 0.5-lb. and 2.5- 


Ib. charges from measurements 
of reference 2. A Points from 
shock-wave composites obtained 


EXCESS PRESSURE (PSU) 


by J. S. Coles et al., Woods 


Hole. 


REDUCED TIME T (t/e) 
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Fic. 6. Composite pres- 
sure-time curve for tail 
of shock wave. Explosive: 


(es 


TNT; charge depth: 500 
ft.; distance from center 


of charge: R=W1/0.352 


Legend: @ time constant of 


initial shock-wave decay. 


e@, X, ©0.5-, 2.5-, and 12.0- 
Ib. charges based on meas- 


EXCESS PRESSURE 


urements of reference 2. 4 


Points from  shock-wave 


composites obtained by J 
S. Coles et al., Woods Hole. 


REDUCED TIME T (t/e) 


=tmu1, Um1=0 and from Eq. (30) 


mi AyiAp 
0 Cc 


0 


(31) 


Since Ap is negative in this region, Ji is 
inherently positive. Its magnitude is very small 
compared to that of the total positive or negative 
impulse. 
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Combining Eqs. (6) and (17), the complete 
expression for total energy flow to time ¢ be- 
comes 


4rR? 
E= 


[« —1.6X10-®P,,) ii (Ap) *dt 
0 


iG t 2 

= A ; 
HRS? 
As previously indicated, the first term in the 
bracket increases monotonically with increasing 
time of integration and represents energy radi- 
ated acoustically, while the second or afterflow 
term represents energy which is stored reversibly 
in the water and returned at intervals to the gas 
bubble. This term attains a maximum at time ¢ 
corresponding to the end of the positive phase 
and then decreases, becoming virtually zero at 
t=tm, since it involves the squaring of the small 
residual impulse given by Eq. (31). In the later 
stages of the positive phase at distances fairly 
close to the charge, the afterflow term predomi- 

nates over the irreversible term. 

Although in the limit of low pressures the 


poCo 


afterflow term represents the contribution of 
essentially incompressive flow consequent upon 
the bubble expansion, it cannot be regarded as a 
purely incompressive term throughout the in- 
tegration. Incompressive and compressive effects 
are not dissociable in the acoustic approximation, 
and in the region just behind the shock front 
the afterflow term represents principally a com- 
pressive contribution due to the radial divergence 
of the flow initiated by passage of the wave of 
compression. 
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Figures 5, 6, and 7 are composite pressure- 
time curves for TNT at the depths of 250 and 
500 ft. and at a distance from the charge given 
by W!/R=0.352. Several charge sizes have been 
plotted on the same curve by scaling the time in 
terms of 6, the time constant of initial shock 
wave decay which is given bytt 


6=0.060W1(W1/R)-°8 


=0.0725W? millisec. at W#/R=0.352. (33) 


Using this scale factor, the reduced time 7 is 
defined by 


7=t/0. (34) 


t is, of course, a dimensionless quantity. Any 
other scale factor proportional to W#, such as 
the bubble period at the given depth, might 
equally well have been used. 

From the pressure-time curves in Figs. 5, 6, 
and 7, certain quantities (listed below) have been 


+t Equation (33) isan empirical fit of TNT data obtained 
at Woods Hole by J. S. Coles et al. 
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computed and plotted in Figs. 8, 9, and 10. 
Figure 8 shows curves for the initial positive 
phase, i.e., up to the time at which the excess 
pressure at the point of observation becomes 
zero following the arrival of the shock wave. 
This figure is for a charge depth of 500 ft. only, 
but a similar one for a depth of 250 ft. would not 
be very different. Figures 9 and 10 show the same 
curves extended to the time of first bubble 
maximum for depths of 250 ft. and 500 ft., 
respectively. They are essentially the same in 
form, the principal differences being due to the 
longer negative phase and smaller negative pres- 
sure at the 250-ft. depth. The functions plotted 
in Figs. 8, 9, and 10 are: 
a. Irreversible energy flux, given by 


Fi= 


ery 6x10-Pal f (Ap)2dt. (32a) 
polo 

b. Afterflow : the afterflow energy flux should, 
according to the criterion of Section 5, average 
out to zero because it does not represent a 
radiated or an irreversibly stored energy. After- 
flow energy flux is given by 


1 t 2 l? 
r.-——(f apdt) =) 
2poR 0 2poR 


Since the total impulse up to ¢=¢y1 is very small, 


(32b) 
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the total afterflow energy up to this time is also 
very small. Physically what has happenéd is 
that the afterflow velocity was always outward, 
while the excess pressure was first positive, then 
negative. At one time the afterflow was with the 
pressure, later against it so that the total work 
done because of the motion has a net value that 
is very small, while each of its positive and 
negative components are large in magnitude. 
c. Impulse: the impulse is defined by 


t 
r= fap 
0 


d. Particle velocity: the total particle velocity 


is given by 
Ap k 
a A f Apdt. 
polo poR Yo 


(29) 


(30) 


Separate curves for each component of the 
particle velocity have not been plotted, since 
their form may be obtained directly from the 
pressure-time and impulse-time curves. The form 
of the total particle velocity curve will change 
with the distance from the charge, since the two 
components vary as the first and second powers 
of the radius, respectively. The curves shown 
apply to the specific case where R= W3/0.352. 


(PS!) 


PRESSURE 


Excess 


END OF POSITIVE PHASE, 250 FT. DEPTH 


Fic. 7. Composite pressure-time curve for entire shock wave. Explosive: ‘NT; distance from 


center of charge: K= 


W1/0.352. Legend: @ time constant of initial shock wave decay. 
initial portion of shock wave from measurements by J. S. Coles et al., Woods Hole. -— 


— tail 


of curve from Fig. 5, 250-ft. depth. - - — — tail of curve from Fig. 6, 500-ft. depth. 
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Fic. 8. Energy flux, impulse, and total particle velocity versus time for initial positive pressure phase 
of shock wave. Explosive: TNT; charge depth: 500 ft:; distance from center of charge: R= W?/0.352. 


@=time constant of initial shock-wave decay. 


The total volume flow through a spherical 
surface may be expressed as 


t 
AV=4rR? i udt. 
0 


In the case under consideration, the total volume 
flow up to the time of bubble maximum is 


tM, Ap 
avaaer' [ dt 


0 poCo 


tM, t Ap 
ster? f"[ fala, 
0 0 poR 


and since the first term on the right is very small, 


i) A f “apai at 


Since AV is nearly independent of the radius, 
Eq. (35) should give us the total flow through 
the surface at the maximum bubble radius, i.e., 
the volume of the bubble at tyy1. This volume may 
also be calculated independently from experi- 
mental knowledge of the maximum radius. 

From high speed photographic work carried 


4rR 
AV= 


(35) 
Po 


out at Woods Hole by J. C. Decius and E. Swift, 
the following empirical equation relating maxi- 
mum bubble radius to charge size and depth has 
been obtained : 


Am=Ji(W/Z,)}. (36) 


Am is maximum bubble radius in feet, W is 
charge weight in pounds, Zo is the total hydro- 
static head in feet (depth +33 ft.), and J; is a 
nearly constant factor which has a value of 12.6 
for TNT over the range of depths under con- 
sideration. ‘ 

At a depth of 500 ft. Eq. (35), utilizing the 
pressure-time curve of Fig. 6, gives a volume of 
17 cu. ft. per lb. of explosive, while Eq. (36) 
gives 15.7 cu. ft. per lb. At 250 ft. the respective 
figures are 33.6 cu. ft. per lb. and 29.6 cu. ft. 
per Ib. In each case the integrated particle 
velocity gives a greater volume change than the 
direct measurement of the radius by 8 and 13 
percent, respectively. The error in the radius 
formula (36) is of the order of 2 percent, which 
could amount to an 8 percent error in the 
volume. The error in the double integration in 
Eq. (35) is of the order of 5 percent, because of 
base line inaccuracies, etc. (A base line shift of 
about 5 lb./in.* in the pressure-time curve would 


make the discrepancy in the volume almost 
negligible, while it would not seriously affect the 


impulse 
error of 


2 See Ae fami 


maximum. Explosive: TNT; charge depth: 500 ft. ; distance from center of charge: R= W1/0.352; @=time 


UNDERWATER EXPLOSION PHENOMENA 


le a 
Ngetmpadsel 


BENS 
MAS lab 
fc ire i 
me 
(ia 
faa 
an 
IN 

(ial NG 

al 

Ee] 

se 

as 

He 

CHE 

(eo) ORR Rr fim 
a | ea | ed CR Ea | Daa | 
° so 100 150 200 


Fic. 9. Afterflow energy flux, impulse, and total particle velocity versus time to instant of first 
bubble maximum. Explosive: TNT; charge depth: 250 ft.; distance from center of charge: 
R=W3/0.352; @=time constant of initial shock-wave decay. 
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For these reasons it is impossible to say whether 
the discrepancy is due to inaccuracies in inter- 


and afterflow energies, and a base line preting the experimental results or to inadequacy 


this magnitude could easily be present.) of the acoustic approximation. 
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Fic. 10. Afterflow energy flux, impulse, and total particle velocity versus time to instant of first bubble 


constant of initial shock-wave decay. 
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VI. IMPULSE AND ENERGY FLUX ASSOCIATED 
WITH THE BUBBLE PULSES 


20 


The bubble pulses have been defined as those 
parts of the pressure-time curve lying between 
times of successive bubble maxima. In practice, 
the times of bubble maxima are taken to be half- 
way between successive pressure peaks. This 
assumes that the time of expansion of the bubble 
is equal to the time of collapse. According to the 
theory of the bubble phenomenon,’ the period 
(or half-period) is dependent on the amount of 
energy available for the oscillation. Since the 
bubble is continually radiating acoustic energy, 
the bubble expansion has more energy associated 
with it, and therefore actually lasts longer than 
the following contraction. Our approximation 
can be justified, however, because most of the 
radiation occurs in a relatively short length of 
time near the bubble minimum, and during the 
major portion of a cycle the bubble has nearly 
constant energy. The difference between the time 
of expansion and contraction should therefore be 
very small. 

Composite curves ot the first two bubble 
pulses from the series of measurements reported 
in reference (2) are reproduced in Fig. 11. 
The particular composites shown are for a depth 
of 500 ft. and W!/R equal to 0.352, the gauges 
being positioned to the side of the cylindrical 
charges used. The time scale has been reduced 
by the cube root of the charge size, thus: 


z=t/W}. (37) 


21 


As in the case of the shock wave, it is possible 
to determine the nature of the net impulse de- 
livered by a bubble pulse from theoretical con- 
siderations. At the time of a bubble maximum 
the following condition holds at the bubble 


surface: 
(mM 
f Apdt, (38) 
0 


where APy is the pressure in the gas bubble. 
The impulse as measured at Ay would there- 


AP 1 


poCo 


um= 0 
poA m 


‘Bernard Friedman, Theory of Underwater Explosion 
Bubbles, Report IMM-NYU 166, Inst. for Math. and 
Mech., New York University, September 1947. 
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fore be: 


Iam = —(AmAP x1/ Co). (39) 


The impulse varies inversely as the radius (allow- 
ing for the time lag due to finite velocity of 
propagation), so that the impulse at radius R 
would be 

Ir=—(Ax?APy/RC)). 


The incremental impulse delivered at a radius Ri 
between the times of first and second bubble 
maxima would therefore be 


ATp=(—An2?AP2/ RCo) 
—(—AmAPm1/RC)). 


(40) 


(41) 


The terms in parentheses are inherently small 
and positive since the AP's are small and nega- 
tive. The first term is smaller than the second in 
magnitude because both Ay2 and APy2 are 
smaller than the corresponding quantities in the 
second term. AZp, which is the net impulse de- 
livered between the first and second bubble 
maxima, should therefore be small and negative. 
The same statement is, of course, true for the 
second and succeeding bubble pulses. The nega- 
tive impulses delivered in this manner should 
ultimately cancel the net positive impulse de- 
livered by the shock wave (see Section 16). 

This treatment neglects the finite amplitude 
of the wave and other effects such as turbulence 
and migration of the bubble. The effect of these 
factors on the impulse is difficult to ascertain, 
but it is believed that the results of the above 
discussion are in any case qualitatively correct. 

Integrations of Fig. 11 show that the positive 
impulse delivered by the first bubble pulse is 
1.076-lb. sec./in.? lb.t, while the net impulse for 
the whole pulse is +0.106-lb. sec./in.? Ib.!. 
Although the net impulse appears to be positive 
in contradiction to Eq. (41), a base line shift of 
the order of 5 lb./in.? in Fig. 11 could make the 
impulse come out zero or even negative. This is 
the order of magnitude of the error in originally 
determining the base line on the photographic 
records. 

If the net volume flow from the time of first 
bubble maximum to second bubble maximum is 
calculated from Eq. (35), 


4oR poe t 
V= if Lf apdt lr, 
Po tM, ) 


(35) 


EXCESS PRESSURE 4p (LA/IN') 
1 


REDUCED TIME 


Fic. 11. Composite pressure-time curves for first and 
500 ft.; distance from center of charge: R= W1/0.352. ( 
© 0.5-lb. charges. X 2.5-lb. charges. @ 12.0-lb. charges. 


it is found, using the curve of Fig. 11; that the 
net flow is 9.7 cu. ft. per lb. toward the bubble. 
The ratio of the volume of the bubble at its 
second maximum to its volume at first maximum 
should therefore be 


(17.0—9.7/17.0) =0.43, 


since the volume of 17.0 cu. ft. was found in 
Section 19 to be the total outward flow up to 
the time t=fy1. 

As in Section 19, we have at our disposal an 
equation giving the second bubble maximum in 
terms of the charge size and the depth: 


Ay2=J2(W/Zo)', 


where J2=8.5. 

The ratio of the first and second maximum 
volumes as obtained from direct bubble radius 
measurement is, therefore, 


(A m2/A m1)? = (J2/J1)? =0.31. 


This ratio is considerably lower than the value 
of 0.43 given above by Eq. (35), but the dis- 
crepancy is in the direction of the samme type of 
base line error that probably caused the net 
impulse to be positive. In this case the effect 
would be somewhat exaggerated because of the 


(42) 


17W9 — (MSEG/LBh) 


second bubble pulses. Explosive: TNT; charge depth: 
Based on measurements cited in reference 2.) Legend: 


cumulative effect of base line error upon the 
integration. 

The impulse of the second bubble pulse will 
not be considered as the error in the base line 
in that region is excessive. 


‘ 
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The radiated energy flux for the first bubble 
pulse is given by the equation 


tM» 


re 
Co Yim, 


Polo 


Fri= (43) 


(Ap) dt. 


Integration of the energy flux from the com- 
posite of Fig. 11, yields 


Fri/W'=139(in.-lb./in.? lb.4) (at R= W4/0.352) 
and 

Epri/W =121(cal./g). 
Similarly, for the second bubble pulse 


Fr2/W3=16.8(in.-lb./in.? lb.}) 
(at R= W?/0.352), 
Ep2/W=14.7(cal./g). 


The error in the energy flux of bubble pulses 
caused by error in the base line is very small 
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TABLE I. Reported detonation energies of TNT. 


AH 
cal./g’ Source 
840 Bericht tiber die Arbeitstagung Unterwasserspreng- 
wesen, Veranstaltet von der Amtsgruppe Mar 
Rust/FEP im OKM am 28/29 Oktober 1943 im 
Harnackhaus im Berlin (experimental) 
880 G. I. Taylor, The Vertical Motion of a Spherical 
Bubble and the Pressure Surrounding It, TMB 
510, August 1943 
950 G. D. Clift and B. T. Federoff, A Manual for 
Explosives Laboratories (Lefax, Inc., Phila- 
delphia, 1942). This value seems to have been 
obtained from Soukharevsky and Pershakoff, 
__ Explosives, Moscow, 1932 
1060 Private communication from S. R. Brinkley to W. 


D. Kennedy (theoretical) 


because of the fact that the calculated energy 
flux is near a minimum with respect to a base 
line shift. In this case an error of 10 lb./in.? in 
the base line would cause less than 2 percent 
error in the energy, while it would cause a very 
large error in the impulse. 


VII. PARTITION OF ENERGY IN AN 
UNDERWATER EXPLOSION 


23. Energy of Detonation 


At the present time there seems to be a lack 
of precise knowledge concerning the quantity 
of energy released in the detonation of various 
explosives. A wide range of values is quoted in 
the literature, and it is not always possible to 
ascertain the original source of the data. A sum- 
mary of such results is given in Table I. Detona- 
tion energy is defined as the enthalpy change, 
AH, in calories per gram, with final products 
reduced to standard conditions. 

In the theory of the gas bubble oscillation’ it 
is customary to use as a zero energy reference 
the state of infinite adiabatic expansion of the 
product gases. Since it is our purpose to include 
bubble phenomena in the discussion of energy 
partition, it will be more convenient to adopt 
this reference rather than the standard state 
usually used for AH. The order of magnitude of 
the internal energy of the products at standard 
conditions (relative to infinite adiabatic expan- 
sion) is 100 cal./g, and this quantity should be 
added to the values given in Table I. 

For purposes of further discussion, we shall 
arbitrarily adopt the value of 950 cal./g as the 


Ay. \Br YAIRIO N'S) JAIN) Di!) D)-) (Reo YE NINGIGE: 


TABLE II. Energy partition at time of first bubble maximum 
(W=charge weight in lb.; R=distance in ft.). 


Acoustic energy flowing past R= W1/0.352 275 cal./g 
Energy dissipated at the shock front during 
propagation up to R= W1/0.352 (calculated 
in Section 13) 
Unaccounted for 95 
Total energy associated with emission of shock 
wave (1050—480) 570 


Potential energy stored in water at first bubble 
maximum as calculated from measured 
maximum bubble radius 

Internal energy of gaseous products (referred 
to infinite adiabatic expansion: (480 — 385) 95 


385 


_ 1050 


detonation energy of TNT, giving 1050 cal./g as 
the approximate detonation energy relative to 
infinite adiabatic expansion of the products. The 
uncertainty in this figure is at least of the order 
of +10 percent. 


24. The Shock Wave 


It is known that the total energy associated 
with the gas bubble at its first maximum is 
approximately 480 cal./g.? Of this quantity, 385 
cal./g are stored as potential energy because of 
the formation of the cavity in the water, while 
the remainder is in the form of internal energy 
of the gaseous products (referred to an infinite 
adiabatic expansion). The value of the potential 
energy stored in the water is based on the experi- 
mental maximum radius as given by Eq. (36). 

The net energy lost by the bubble up to the 
time of the first maximum is therefore 1050 
minus 480, or about 570 cal./g. 

The partition of this energy has been dis- 
cussed in previous chapters and is summarized 
in Table II. 

The unaccounted term should comprise losses 
resulting from turbulence, viscosity, conduction, 
etc. It should be noted that the magnitude of 


TABLE III. Successive periods of bubble oscillation (TNT 
charges in free water)* at a depth of 500 ft. 


T1/Wi=23.2 millisec./lb.t 
T2/Wi= 16.7 
T;/Wi=13.5 


* See reference 2. 
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TABLE IV. Energy partition at time of second 
bubble maximum. 


Acoustic radiation in first bubble pulse 120 cal./g 
Potential energy in the water at time of second 

bubble maximum based on measured maxi- 

mum radius 120 
Internal energy of gas at second bubble maxi- 

mum: (B2—120) 60 
Unaccounted for 180 
Total energy associated with first maxi- 

mum (B;) 480 cal./g 
Total loss during emission of first pulse 

(180+ 120) 300 
Energy left for second pulse (Bz) 180 


this portion (95 cal./g) is much smaller than the 
combined uncertainty in the detonation energy 
and in the energy dissipated at the shock front, 
and therefore even its order of magnitude is in 
doubt. 


25. The Bubble Pulses 


From the theory of the bubble pulsation it is 
known that the period is proportional to the 
cube root of the total energy associated with 
the oscillation as defined in Section 24. Since the 
periods of successive oscillations decrease pro- 
gressively, it is evident that energy is lost be- 
tween successive bubble maxima. Using the cube 
root law stated above, it is seen that the energy 
left after the emission of a bubble pulse is 
given by 


Bryi=Br(Tr4i/T,)3, (44) 
where B,=total energy associated with the nth 
oscillation and T,,=period of th oscillation. 

The necessary period data? are summarized in 
Table III. 

Using Eq. (44), the data of Table III, and 
the maximum radius data quoted in Sections 21 
and 22, we obtain the energy partition for the 
first and second bubble pulses as given in 
Tables IV and V. 

Since the total energy associated with an 
oscillation and the energy of acoustic radiation 
are both known to within +3 percent, it is 
important to note the magnitude of the unac- 
counted terms in Tables IV and V. 

A summary of energy partition data is given 
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TABLE V. Energy partition at time of third 
bubble maximum. 
Acoustic radiation in second bubble pulse 15 cal./g 
Potential energy in the water at time of third 
bubble maximum 55 
Internal energy of gas at third bubble maxi- 
mum: (B;—55) 40 
Unaccounted for 70 
Total energy associated with second bubble 
maximum (B2) 180 cal./g 


Total loss during emission of second pulse 
=70+15 85 


Energy left for succeeding pulses (Bs) 95 


in Table VI. It is seen from Table VI that less 
than half the detonation energy is to be found 
in waves of compression, while somewhat more 
than half is lost in dissipative processes. 

It is difficult to ascribe any appreciable portion 
of the unaccounted 345 cal./g to dissipation simi- 
lar to that which was computed for the shock 
front. Figure 11 shows the pressure pulses to rise 
relatively slowly with time, and the resulting pro- 
cess should be very nearly isentropic on both com- 
pression and expansion. Furthermore the second 
pulse rises very much more slowly than the first, 
and yet the unaccounted portion in this pulse is 
an even greater fraction of the total energy loss 
than is the case in the first pulse. 

Because of the shortness of the time intervals 
during which temperature and pressure in the 
gas bubble are high, it is doubtful that losses of 
such magnitude could be attributed to conduc- 
tion or radiation of heat. 

We conclude, therefore, that the unaccounted 
for energy losses are associated with some com- 
bination of the following factors: 


(i) turbulence induced in the water surrounding the 
bubble, 

(ii) chemical or physical changes in the gaseous products! 

(iii) actual loss of gaseous products in the form of smal, 
bubbles in the water, perhaps due to high degree of 
turbulence at the periphery of the gas globe. 


TABLE VI. Summary of energy partition tables. 


Total acoustic radiation (through emission of 


second bubble pulse) at R= W#/0.352 410 cal./g 
Shock front dissipation up to R= W4/0.352 200 
Unaccounted losses 345 
Total energy left at third bubble maximum 95 
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APPENDIX I 
Summary of Notation 


p=absolute pressure at any point as a function of time 
P o=absolute hydrostatic pressure 
Ap=excess pressure as a function of time (p— Po) 
P=excess peak pressure of an exponentially decaying shock wave 
AP,=excess pressure at any shock front 
v=specific volume of the fluid at pressure p 
p=density of the fluid (p=1/v) 
E=total energy flow through a spherical surface 
F=energy flux (energy flow per unit area of a spherical surface) 
R=radial distance 
A=radius of the gas bubble 
t=time measured from instant of incidence of the pressure wave 
u=radial particle velocity relative to the unperturbed fluid 
U=shock front propagation velocity 
Co=sound velocity (Co=(dP/dp)so!) 
An=internal energy increment of a unit mass of fluid relative to the initially unperturbed 
state 
AH=enthalpy increment of a unit mass of fluid relative to the initially unperturbed state 
(AH =An+A(pv)) 
h=dissipated portion of the enthalpy increment AH, per unit mass of fluid 
S=entropy per unit mass of fluid 
x=bulk modulus of the fluid («=poCo?) 
6=time constant of initial exponential decay of shock wave 
B(S)=characteristic pressure parameter of the modified adiabatic Tait equation of state 
n=exponent of Tait equation of state 
x=reduced radius (x = R/W!) 
I=impulse delivered—the time integral of the pressure 
+=reduced time defined by r=1/0 
z=reduced time defined by z=t/W! 
Tn= period of nth oscillation, measured between successive pressure peaks 
B,=total energy associated with the nth oscillation. 
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JHE PRESSURE AND IMPULSE OF SUBMARINE EXPLOSION 
WAVES ON PLATES 


G. I. Taylor 


July 1941 


* * a * * * * * * 


Summary. 


Some work of F.G. Friedlander is summarised which describes the way in which the pressure 
due to reflection of a pulse from an explosion is built up during the passage of the pulse along a 
plane set obliquely to its direction of motion. The pressure ultimately attained at some distance 
from the point where the pulse first strikes the reflecting surface is twice that in the incident 
pulse when that surface is immovable, but when the reflecting surface is not fixed, as when it is 
a steel plate, the motion of the reflecting surface reduces the pressure acting on it. This 
reduction is greater for oblique than for normal incidence. For comparatively thin plates the 
pressure changes to tension in a time which is small compared with the duration of the pulse. 
\f water can support tension the displacement of the plate is small compared with the displacement 
which occurs when no tension can be held, The amount cf tension which water can support for periods 
of the order of 1 millisecond at a free surface can be estimated from observations of the radius of 
the circle over which spray is projected upwards from a submarine explosion. It seems likely that 
this tension could be applied to a surface which is wetted by water but experiments on this subject 
are desirable. 


Though the amount of damage done to a ship must depend on the strength of the structure 
supporting the plate and other factors not included in the present analysis, the results give the 
relationship between weight of charge and distance for a given amount of damage. It is found that 
if water cen support tension the charge weight for given damage is proportional to (distance)3. 

On the other hand if the water is incapable of withstanding any tension, the law of variation of 
Charge weight with distance is not a simple power law. If, however, an attempt were made to 
represent experimental results by means of a formula 


(distance for given damage) = constant x (charge weight)®, 


S would have a value which in the extreme range of charges and plate thicknesses varies from 2 
to 3° In the range covered by charges from 300 to 2,400 1b. of T.N.T. and plate thicknees i inch 
to 6 inches, S varies from 9.38 to 0.54, the mean value of S being 0.46, 


ee 


The reflection of sound waves both in air and water by an infinite rigid plane provides a 
simple mathematical problem. The amplitude of the reflected wave is equal to that of the incident 
wave, so that at the reflecting surface where the pressures due to the incident and reflected waves 
are in phase the pressure in double that due to the incident wave alone. This statement is correct 
whether the incident disturbance is a train of narmonic waves or a single pulse. It is also true 
for all anyles of incidence. 


When the reaction between a plate and’a pulse is considered, certain limitations to the 
simple theory immediately appear. These are due to the two assumptions of the simple theory that 
the reflecting plane is infinite and that it is rigid and fixed. -Neither of these assumptions is 
true when the reflecting plane is a finite flat or bent steel plate, though it is to be expected 
that in the limiting case when the plate is very thick and of very large area the simple theory 
will apply. The object of the present note is to explore the modifications which the reflected 
pulse will experience owing to the finite size and thickness of the plate and to describe the motion 
of the plate in terms of the incident pulse, 


The cecses 
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The inadequacy of the simple theory to represent the reflection conditions of a fixed 
finite plate may be seen by imagining the angle of incidence of the pulse to decrease to zero. 
As long as there Is a finite angle of incidence the pressure on the plate is according to the 
simple theory twice the pressure in the pulse. On the other hand, when the pulse is travelling 
parallel to the plane it Is undisturbed by it so that the pressure on the plane is equal to that 
in the pulse. This apparent discrepancy or paradox is resolved when the reflection of a pulse 
by a finite plane or wedge is considered. The change in a special type of pulse (chosen because 
it closely resembles the pulse produced by a submarine explosion of a high explosive charge) when 
it is reflected from a symmetrical wedge, the angle of which is 2 @, has been calculated by 
F.G. Friedlander. This pulse is a sound wave in which the pressure is zero till the arrival of 
shock wave in which the sudden pressure Change is Po The pressure subsequently dies down 
exponentially so that the pressure p at time t after the onset of the wave is 


p= poe (4) 


This pulse has a characteristic length 1 = c/n, (where c is the velocity of sound), in which the 
pressure dies down to 0.368 of its maximum value. The reflected wave ang the pressure on the 
wedge is proportional to p, and Is a function of 0, r/l and n (t — fest) where r is the distance 
of any point on the surface of the wedge from its vertex. The characteristic features of 
reflection by a wedge can be appreciated by reference to Figure 1, which shows the form of the wave 
fronts of the incident, reflected and diffracted waves. In Figure 1, 0 is the vertex of the wedge. 
The wave strikes the wedge symmetrically, the angle of incidence on each face being 90° -@. The 
line A 08, is the position of the wave front at the moment of striking the vertex. After a time 
r cos Bk the incident wave front consists of the two parts Aye, 0,8 above and below the wedge. 
The reflected wave front consists of the lines C e O,F, which are tangential to the circle 
described with centre 0 and radius 0G = OC, cos & = r cos @. The wave front of the diffracted 
disturbance is the part of the circle of radius r which lies outside the wedge, i.e. the segment 
HE, KF, LG. 


Assuming that @ < 90°, points on the wedge are reached first by the incident wave. In 
the section C,H the pressure is double that due to the incident wave. The section OH is subject 
to the rear parts of the incident and reflected wave and also to the diffracted wave which is a 
suction wave when the incident wave is a pressure wave. 


The time interval between the arrival of the wave front at the point C, and the arrival 
of the diffracted wave is (1- cos @)r/c. If therefore the incident pulse is limited so that It 
has passed any given point in a time interval T after the passage of the wave front, then it, Gas: 
greater than c T/(1 - cos @) the whole of the incident and reflected waves will have passed the 
point Cy before the diffracted wave reaches it. At points further away from the vertex than 
c T/(1 = cos 9) the pressure-tlme curve is as shown in Figure 2b, which shows the distribution 
for a square-topped pulse, i.e. an incident pulse in which the pressure suddenly Increases by an 
amount p, and remains at this value for time T when it suddenly returns to its initial value. 

As the wave proceeds the incident and reflected pulses remain constant in height but get further 
away from the region of the diffracted disturbance. The diffracted disturbance continually 
decreases in intensity but increases in the area covered, since it extends over the whole radius 
from the vertex to the diffraction wave front. Figure 2b shows the pressure-time curve 
calculated by Friedlander at distance 4 pulse lengths (i.e. 4c T) from the vertex of a 90° wedge. 
Figure 2c shows the pressure-time curve for a point 10 pulse lengths from the vertex. The 
reduction of intensity In the diffracted wave as distance from the vertex increases may be noticed. 


At points nearer to the vertex than c 7/(1 - cos @) the incident and reflected waves are 
not separated from tne diffracted wave. -At such points the pressure-time curve is as shown in 
Figure 2a, which represents the state of affairs at distance r= 5c T from the vertex. 


Friedlander has proved some interesting properties of the diffracted pulse. He shows for 
instance that its total impulse, (i.e. ie fr) (diffractea wave) dt) is constant at all distances 
from the vertex. 

panther. he finds that this constant is definitely related to the angle of incidence of 
the pulse 5 — a. lf the impulse of the incident wave is | where | = fF P; dt and P; is the 


pressure in the incident wave, the impulse applied at any point of the surface by the Incident 


AND sever 
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and reflected beam Is 21. The impulse of tne diffracted pulse is - | (1 - @), Thus when 
O= 37 so that the wedge has such a wide angle as to become a single plane, the total impulse 
is 21. When @ = 0 so that the wedge is a semi infinite sheet the total impulse is 21-1 = I. 


It will be seen, therefore, that Friedlander's resolution of the apparent paradox with 
which this investigation started is that the total impulse of a pulse striking an inclined plane 
is always (1 + 24 |, where | is the impulse of the incident pulse. On the other hand, at points 
far from the vertex the pressure pulse predicted by the simple theory of reflection at an infinite 
plane scp rates from the diffracted suction disturbance, the intensity of which becomes ultimately 
very small though its pulse remains constant. 


When the incident pulse is not confined to a finite duration but extends indefinitely as 
does the exponential pulse represented by (1), the reflected and diffracted zones on the reflecting 
plane do not separate, so that the above discussion must be modified, A useful method for 
discussing the reflection of a pressure pulse of the type represented by (1) is to calculate the 
impulse of the part of the system where the pressure Is positive, Its initial value near the 
vertex is equal to | (1+ 2 ), for this is the value of the total impulse and it is found that near 
tne vertex no suction region is formed. At great distances from the vertex where the incident and 
refracted pulses have almost completely separated from the diffracted suction area, the positive 
pressure impulse tends to the limit 21. The ratio of the positive pressure impulse to its limiting 
value 21 at any distance from the vertex may be taken as a measure of the completeness with which 
the true reflected pulse has established itself at this distance. 


Figure 3 snows Friedlander's calculated values of 
ae positive Empaise on plane asvaefunctlonofi = t= distance from vertex 
impulse of incident pulse 1 c pulse length 
for the pulse represented by (1). Here the "pulse length" is defined as c/n. 


The calculations show the values for @ = 45° and @ = 15° and the results are plotted in 
Figure 3 with rn/c on a logarithmic scale. It will be seen that with a plane inclined at 45°, 
the reflected pulse is established to within 10 per cent. of its ultimate value when the Incident 
pulse has moved about 10 pulse lengths up the plane. 


; When tne angle of incidence is 15° the reflected pulse does not establish itself to this 
extent until the incident pulse has travelled a distance of 80 pulse lengths along the plane. In 
the first 10 pulse lengths the positive impulse has only risen from its initial value 1.081 to 
1.241. For smaller angles of incidence the positive impulse on the plane tends-to 1.01 near the 
vertex and the distance from the vertex at which there is any appreciable increase over this value 
becomes very great, so that in the limit when @ tends to 0 no reflection takes place. 


Reflection at curved surfaces. 


The reflection of pulses at curved surfaces provides a difficult problem. in two cases 
however, namely, the paraboloid and the parabolic cylinder, the solution has been obtained, The 
method, originally due to Lamb, has been modified by Friedlander, who finds that, unlike the case 
of the reflecting plane, the pressure-time curve is identical at all points on the surface. This 
is true for all kinds of incident plane pulse or wave and the total time integral of the pulse is 
simply 1, ise. the positive contribution due to the reflected and diffracted wave system is exactly 
neutralised by their negative contribution. If, however, the integral of the positive pressure 
alone be taken, the positive pulse thus found depends on the ratio c/nf, f being the focal length 
and c/n the pulse length. 


For very thin pulses this positive pulse is 2! and this corresponds with __~-*ate reflection 
of the ordinary type. When the pulse length is twice the focal length, i.e. c/n = ._. us of 
curvature of the parabolic cylinder at the vertex, the positive impulse is 1.31. For very long 
pulses the positive impulse is 1.01, Friedlander's results are shown in Figure 4. 


Reflection of a pressure pulse from a plate. 


Normal incidence. 


: When the: pulse is reflected perpendicularly froma plate which is not rigid and fixed the 


motion of the plate due to the combined action of the incident and reflected pulses gives rise to 


modifications ss... 
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modifications In the reflected wave. The pressure in the incident wave will first be taken as 


: P, = Pe en(t — x/c) (2) 


where x is distance measured perpendicular to the plate in the direction of the oncoming wave. 
The pressure in the reflected wave will necessarily be of the form 


Pe = py (t + 2) (3) 


‘At the surface of the plate itself x = 0 and the total pressure is 


pe oh + o tt) (4) 
° 


where p = py + Pie if c =v dp/do is the velocity of sound, the velocity of the water (or other 
medium of density 9) in the incident wave is p;/pc, while the velocity due to the reflected wave 


is - ¢/pc. if € is the displacement of the plate the equation of continuity at the surface is 
therefore 


eee = ont _ ¢ (5) 


where € is written for d&/dt and ¢ for ¢ (t). 
The motion of the plate is determined by its mass per unit area, m, by the pressure, p, and by 
external constraints such as the supporting framework. For simplicity it will be assumed that 


these constraints are equivalent to a spring which would cause the plate to oscillate freely (i.e. 
when not in contact with water) with a pewiod 277/ 4. The equation of motion is 


£ = é + we (6) 
Eliminating €& the equation for ¢ is 
¢ + Ag + weg = (rts Esp?) ent (7) 


The solution of (7) is 


2 MyinoGha a2 
5 n° + + Ls 
g¢ = a Sits 6 Sate Sp ent (a) 
Nee +u 
where Sy and S, are the roots of 
SA PNIEe Sy et gire io (9) 


The conditions at t = 0 are€ = 0 and é = p/m. When expressed in terms of g¢ these become 


Gomes 
when t = 0 (10) 
(1+ ¢) &+ n+h = 0 
The equations for A and 8 are therefore 
Ae ee cue 1 ] 
™m Pia, ToC y je 
m J 
% NOC + 2 
SNS Gp = 6s = 
1 2 m no —- + mi 
m 
4 Be Foes 10), Be por reno 
Hence, using the relations implicit in (9), namely <= -S,- Sw S455 


A= wevee 
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= 5 = 
ree goc S, (S, + n) 
=] RR Ea Soar ae 
mits, ine = e+ 2) 
(11) 
2 8, (s, + nl) 
m(S, — S,) (io ne + pe) 
and substituting these in (4), (5) and (8) 
B= sy qe Qe eat MeFi) e°2' + (n? +p”) ent 
Po ne WE + y m (S, - S,) m (S, - S,) 
(12) 
and 
2p rite Ty BISl thn got Set 
= —>. EE, e +—~— eo 1 - e2 
3 m(n® — EE + w*) SS, Stowe ee 


Oblique incidence. 


When the incident pulse falls obliquely on the plate it is no longer possible to consider 
the plate as though it were moving aS a whole. The pressure pulse will in fact travel along the 
plate and give rise to a corresponding disturbance in the plate and it is possible to consider a 
variety of possible conditions of support which would give rise to corresponding motions. The 
simplest of these and the most closely analogous to the case of normal incidence already discussed 
is to assume that the plate has no stiffness in bending and that it is supported in such a way that 
each element of it can vibrate freely in a direction normal to its plane with frequency u/2 7. 

It is shown in the first part of this report tnat the pressure on an oblique fixed and rigid plane 
only develops its final value (twice that in tne incident pulse) at some distance from the leading 
edge where the pulse first strikes it. It would be difficult-to take account of the finite mass 
of the plate as well as the distance from the leading edye; accordingly only the motion of the 
plate far from the leading edge will be considered. In this case the pressures in the incident 
and reflected pulses may be assumed in the forms 


=n (ope te 


Pj = Py (14) 
p= p.@(t+Xsing _ y cos@ y (15) 
r ° c Cc 
where @ is the angle of incidence and y is measured parallel to the plate. 
The pressure at x = 0 is therefore 
Bipampaaciebesd: 84 %eA 8 (et) oF (16) 
where t' = t — (y cos @)/c. (17) 


The equation of continuity at the surface is now 


sie = MM g(t") (18) 


° 


where € now represents d &/dt'. 


With the above mentioned assumption that the plate has no stiffness in bending, the equation of 
motion is identical with (6) and the equation for ¢ assumes the form 


msin@ msin@ 


d + RC ¢ + wd = Ls Seo are es ent! (19) 


which is identical with (7) except that msin@ is substituted for mand t' for t. 


The ceccse 
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bree 
The expressions for p and & are 
2 S, (S, + 0) ' Ss, (s, + n) : Lae 
ae See DCL aE rte! mei es ec eit + ye ee aa eat. + (n? + us?) et 
Pp ee errr msin@ (s, - S,) msin@ (s, - 5.) 
2 msin@ 1 2 1 
(20) 
which is the same as (12) except that msin@ is substituted for m, and 
2p. sin@ 5. Saal 7 ees, ten 5 
ate Po La REAP) ieee! eSot (21) 
msin@ (n? - OE + yu”) S$, - 8, S,-S, 


which is similar to (13) except that msin @ is substituted for m and a factor sin@ has appeared, 


Numerical examples. 


The pulse from a submarine explosion of 300 1b, of T.N.T. falls to half value in 0.3 
milliseconds. This gives n= 2.3 x 10 sect, The motion which this pulse gives to a steel plate 
0.25 inches (= 0.635 cm.) thick will first be calculated. Here m= 5.0 grammes per sqecm, The 
velocity of sound in water is c = 1.4 x 10° cm, per second. Taking P= 1, pc/m= 2.8 x 10. In 
general yz is likely to be smal) compared with pc/m, even ifs for instance, the plate Is so rigidly 
supported that its period of vibration is 1/100th of a second, so that uz = 6.3 x 102, bm is only 


1/45th of pc/m. In these circunistances the approximate solution of (9) is Se pcim, S, = 
- umipc. This gives for the } inch plate 


4 bi 

Dae Mghegs (ore Olth =aianOlgier= 4 vu l0.te ena ono" 

Po 

and ‘ 

| 4 

Ge armas | sdazters- soos et) ene ex 107 

p ! 

ie) 


\f the same plate had been unsupported the motion would have been almost identical except 
that the terms 0.918 ee ¢ would be replaced by the constant 0.918. The displacement would have 
tended to a definite value of 0.667 x 10-8 Po (0.918). 


The pressure-time curve for points on the surface of the i inch plate is shown in Figure 5. 
Since p Is proportional to Py values of e/ Pp, depend only on t. The displacement of the plate is 
also shown in Figure 5, but in this case, though the displacement is also proportional to Por the 
result may be expressed more simply by assigning a definite value to po» The value chosen is 
1 ton/square inch or 1.5% x 10° dynes/sq.cm. This corresponds with the pressure found at 50 feet 
from a submarine explosion of 300 1b. of T.N.T. The displacement-time curve for i inch steel plate 
struck normally by this pressure wave is shown in Figure 5. It will be seen that the pressure 
vanishes and the maximum speed of 17 metres/second is attained after only 1/10th of a millisecond, 
At that time the displacement is only 1.3 mitlimetres, The pressure-time curve for the pulse is 
also shown in Figure 5, {n Figure 5 the time-scale is chosen so that only one millisecond is 
covered in order that the form of the pressure-time curve may be visible. The plate goes on moving 
for a considerable time after the attalnment of the maximum velocity. It will be seen later in fact 
that if the supporting structure exerted no restoring force tne plate woulg come to a stop at a 
definite limlting displacement. The restoring force makes it return slowly to its original position. 
The displacement-time curves are shown in Figure 6 for plates q inch and 1 inch thick, the restoring 
forces being such that in each case the plate would have a free period of 1/100th of a second when 
not in contact with the water. The : Inch plate reaches its maximum displacement of 0.96 cm. after 
two milliseconds, and after ten milliseconds it has only returned through 0.12 cm. to the value 
0.84 cm, Figure 6 also shows the time-displacement curve for a plate 1 inch thick. 


Approximate formula. 
If the frequency of free vibration of the plate is small compared witn the time constants n 


and pc/m, the formulae (20) and (21) can be written in approximate forms obtained by neglecting @ and 
writing S; = - (oc)/(msin@), Ss, = 0 , 


Poretee 
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pct’ 
aes 2 e ™ sin fi Boos 
2 _ ect" 
é = Po 1-omsin@, om sin® . msin — ent’ 
mn sin@ [—2o _ _ pc pc 
m sin? 
Writing 
ehjasBCu = (22) 
mn sin@ 
these may be expressed in the simpler forms 
2. ae CGE Ser CaaS (23) 


Po 


E+: seas gt | Phe Guest eet! _ ie eont’ } (24) 


mn“ (€ — 1) € a 


g = te (em emt!) (25) 
mn = 


The maximum veloctty occurs when p= 0, i.e. when 


oS 1 
nt = vey, 1095 Ga (26) 
and its value is 
€ 
- 2p rf 
iG (7) 


Smax mn 


€ 
log, € Sat 
c e an * €- 
Some values of SST Ore given in column 3 and of € in column 4 in Table I. 


e-1 
These curves can be used to find the maximum velocities with which a plate is projected at right angles 
to its plane by the pressure wave from a submarine explosion. A few examples of the use of these 
curves are shown in Table II. 300 1b. of T.N.T. gives a pressure wave which falls to half value in 
0.3 milliseconds so that n= 2.3 x 10? sect, For plates of thickness t = I inch, 1 inch, 3 inches 
and 6 inches, the values of pc/nm are 12.1, 3.0, 1.0 and 0.5, These are the values of € for these 
plates during normal incidence. Values of logy9 € are given in column 2 and the values of 

€ € 


10919 ee =f taken from Figure 7 in column 3. Values of € © ~ 1 are given in column 4. 


(5 
og, € ST 
Values of a4 Jona laio| = are shown as functions of logy, € in Figure 7. 


At 50 feet from the explosion Preset ton/square inch, so that 


2p = 2x i.5ux 10° _ 1.34 x 10° 
—— bagi 
mn mx 2.3 x 10 m 
5 diy = I F : nese ; 
Values of Con, = mm & are given in column 5 for normal incidence and in colume 9 for 


incidence @ = 10°, It will be secn that as the angle of incidence decreases the velocity with which 
the plate is thrown in the direction perpendicular to its surface decreases. This decrease, however, 
diminishes as the thickness of the plate increases. For extremely thick plates the steel would act 
as a perfect reflector and the pressure at its surface would be double that tn the incident pulse, so 
that é would be independent of the angle of incidence. Values of t and é for normal incidence 
of plate at 50 feet from 300 1b, T.N.T. sre also given in columns 6 and 7 of Tale |. 
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Maximum displacement. 


In the approximate formulae (23-25) the maximum displacement occurs when € = 0, i.e. when 
becomes very large. The maximum displacement is according to this forealey 2pémn? €, With 
inch plate exposed normally at 50 feet from 300 1b. of T.N.T., n= 2.3 x 10°, m= 5.0 gms/sq.cin., 
= 1 ton/sq.inch = 1.54 x 108 dynes/sq.cm., € = 12.1,this corresponds with a displacement of 
0.99 cm, It might therefore be supposed that if a structure of which a : inch plate forms an outer 
wall can be subjected to a sudden displacement of 0.99 cm, without injury it would necessarily be 
uninjured by the explosion of 300 1b. of T.N.T. at a distance of 50 feet, Such a deduction, though 
in agreement with the formulae so far developed, would probably not turn out to be justified in 
practice because the formulae assume that water can sustain tension as wel) as pressure. Referring 
to Figure 5 it will be seen that the positive pressure is maintained only for 1/10,000th sf a second. 
During this time the plate acquires a velocity of about 17 metres/second, and moves through a distance 
of about 0.13 cm. The slowing down of the plate is due chiefly to the suction phase which, though far 
less intense than the pressure phaso, continues for much longer. Ouring the slowing down process the 
i inch plate of Figure 5 suffers a further displacement of 0.958 - 0.13 = 0.83 cm. The maximum suction 
in this case is 0.12 x (maximum pressure in the incident pulse) i.e. 0.12 tons/square inch or 
269 1b./square inch or 18 atmospheres. It is this suction which in the foregoing theoretical treatment 
is responsible for the rapid deceleration of the plate. If the water is incapable of exerting suction 
the plate will leave the water as soon as the positive pressure vanishes. It is then moving at 
17 metres/second and the distance it will move before being brought to rest depends on the nature of 
the structure which supports it. If, for instance, the supporting structure is elastic and is of such 
stiffness that the plate would execute u/2.7 vibrations per second in the absence of the water (so that 
i has the meaning assigned to it in equation (6)) the equation connecting displacement and velocity is 


t 
1 
4 
Po 


é? fr Fd = a2 (28) 


where A is the amplitude of the vibration and is therefore the maximum displacement. If 'S5 is the 
displacement when tne plate leaves the water and So the velocity at this time 


at = ee a ate (29) 


If the frequency with which the G inch plate vibrates owing to its own stiffness and that of its 
supports is 100 cycles per second, “= 628. Using Ge = 0.13 cm, Se = 1700 cm/sec., A= (213)? + 
(2.7)? so that A= 2.7 cm. In this case therefore the maximum displacement is nearly three times 
as great as it would be if the water nad been assumed to be capable of exerting suction and 21 times 
as yreat as the displacement at the moment when it left the water. The displacement-time curve for 
the 1 inch plate when it leaves the water on attaining maximum velocity is shown in Figure 6. 


For this reason it is important to know what suction sea water will stand during the suction 
phase of a pulse and its reflection. Estimates based on the radius of the circle over which spray is 
thrown upwards when the pulse from a submarine explosion strikes the surface of the sea seem to show 
that water will stand a tension of about 200 or 300 1b./square incn for times of the order of 
1 millisecond. It does not seem to be certain, however, whether this tension could be mintained at 
the surface between water and, say, paint or iron. 


In connection with the formula (24) it seems worth while to give the expression for the 
displacement Se of a plate at the moment when the pressure changes to suction. In the case where the 
effect of the stiffness of the structure is neglected formula (24) gives 


2 3 € 
Be bees Dae + te, © 5 + (30) 


mn € 


In general this is small compared with the subsequent displacement whether the plate is assumed 
to leave the water or not. tn the latter case, when water is assumed to be capable of exerting suction 
it will be seen that the ratio 


E 


Displacement when pressure changes to suctj if ~“eé=1 
Maximum displacement whan arate Femains in contact with water ; 1-(e+ ie 
(31) 
Values of this ratio are given in column 8, Table 8, and are shown graphically in Figure 7. Its 


maximum value, 0.262, occurs when € = 1, 


Damage »eece 
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Damage to structure supporting the plate 


Though the damage whicn the water pulse will do depends on the strength of the supporting 
structure, so that the actual amount of damage cannot be calculated, the foregoing analysis shows 
that for a given amount of damage the relationship between charge and distance can be determined. 
This will depend on whether (a) the plate remains in contact with the water or (b) it breaks contact. 


(a) The water remains in contact with the plate. 


In this case the plate is moved through a distance ay and is brought to rest by the suction 
of the water. The true value of cae will depend to a small extent on the stiffness of the structure 
out this effect will always be small compared with the effect of water suction in a structure of the 
type used in ship construction. In assessing the damage expected according to (a) it is necessary 
to compare the charges which will produce a given value of (Soe From (24) it witl be seen that 

p 
eo rc — , or, inserting € from (22), 

mn € 
2p, sin ie] 


noc 


(32) 


Snax 


For a given amount of destruction therefore a constant value of Po sin@/n is necessary. The 

maximum pressure at distance r from a submarine explosion of a mass M of explosive is Pin anh /3 7 - 
where A is a constant depending on the composition of the explosive and a number of other factors 
which can be regarded as constant when the relationship between charge-weight and oe fora 
given arount of damage is being considered, The time constant n is proportional to wt 3 so that 


n= 8 thus for a given amount of destruction according to hypothesis (a) 


[#2 sin q wi/3 . 
r 


constant 
(33) 
* 7 2130s. 
or r is proportional to M°'* sin@ 


and for normal incidence r is proportional to w2/3 


(b) The water breaks contact with the plate when the pressure ceases to be positive. 


In this case the plate is discharged from the water with velocity Gy where cae is given 
by (27). In this case inserting the expressions a amt 3 ir, n= BM /3 jn (27) 


a 28 ey 
Set cB) Ge (34) 


To find how r varies with M the case of normal incidence may be considered. in that case € = pc/mn. 
For a given thickness of plate therefore € i's proportional to wt Though (34) shows that for a 
given amount of destruction r is not related to M by any simple power law, yet for practical purposes 
it may be convenient to find the power law which most nearly represents (34) over a limited Ainge. 
Assuming this to ve 


r = (constant) mS (35) 


the valuc of S may be determined by logarithmic differentiation of (35) and (34), thus 


SS (36) 


Bi | 


and 1S om ore [Pee ¢ (37) 


and since € is proportional to yi/3 de /e = 5 (dM/tt). | Hence c mparing (36) and (37) 


Vog , € 


s+ 3-5[ ety |[s- es] oH 
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Values of S calculated from (38) are given in colum 9, Table |. It will be seen that S varies 
from 5 for large values of € (i.e. thin plates) to E for small values of € (i.e. thick plates). 
For the explosion pulse from 300 1b. of T.N.T. for instance € varies from 12 to 0.5 as the plate 
thickness increases from 0.25 to 6.0 inches. The value of S varices from 0.38 to 0.54 in this 
range. With a charge of 2400 1b. of T.N.T. € varies from 24 to 1.0 as the plate thickness varies 
from 0.25 to 6.0 inches. In this range S varies from 0.37 to 0.50, If, therefore the question 
"What is the relationship between charge-weight and distance necessary to produce a given amount 
to the structure of a ship" had been put in the form "What is the best exponent S to choose in an 
assumed power law of the form 


(radius of destruction) proportional to (charge-wei ght) 8 (39) 


when the charge varies between 300 and 2400 1b. and the plate oetween 0.25 and 6.0 inches in 
thickness?" the answer given by the foregoing analysis would be that S varies between 9.37 and 
0.54, the mean value being 0.46. 


Comparing (a) and (b) it will ce noticed that if tnis exponent is determined experimentally 
a value near 0.66 might indicate that the water remains in contact with the plate, whereas a value 
near 0.46 would indicate that the plate separates from the water. 
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Pressure: time Curve when square- topped 
pulse of duration T reaches distance r 
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Changg@ in positive impulse as a 
sound |pulse travels alorjg surjace 
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THE REFLECTION OF A SPHERICAL WAVE FROM AN 
INFINITE PLATE 


E. N. Fox 
1942 
* * * * * * ” * 


Introduction. 


Consider a Spherica) wave propagated from centre A in a medium of density P with wave— 
velocity C. The medium is bounded by an infinite plate POQ distance a from A, The wave is 
assumed to be of sufficiently small amplitude for the ordinary sound-wave equations to hold 
While the plate is assumed to move normal to itself and to offer purely inertia resistance to 
such motion. 


In the report "The pressure and impulse of submarine explosion waves on plates*, 
hereafter called Report A, G.1. Taylor considered a simllar plane wave problem with the more 
general boundary condition in which the plate offers also an elastic resistance to motion normal 
to itself, Sinee the frequency of vibration is usually relatively small in practice, Taylor 
gives approximate formulae which correspond to the exact solution for purely inertia resistance. 
The present problem is thus the spherical wave analogue of the plane wave problem whose solution 
is given by equations (22) to (27) of Report a. 


General Solution. 

\f A‘ be the image of A in the plane POQ then the problem is one of axial symmetry about 
AA’ and we shall use cylindrical co-ordinates x, r, with origin O and denote by R and R" the 
distancesof any point from A and A respectively. The zero of time t witl be taken to 
correspond with the front of the incident wave leaving A and we are concerned only with the 
region x < 0, 


Tne pressure p satisfies the usual wave equation 


Yh. sop leon 
oar Bee (1) 


while the incident wave from A is taken to be 


ane f (ct — R) (2) 
R 


Tne boundary equation at the plate is 


dv 
m— = ?p x 1=-8 10 
t (3) 


where m is the mss of the plate per unit area and v is its velocity assumed normal to itself. 


Nov in terms of the velocity-potential ¢ we have 


v= 2¢ 
Q x 
ad (4) 
bn: 
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and thus from (3) and (4) the boundary condition may be written in the form 


1 Op > p= xX =) 0 (5) 
B Ox 
where 
B= 2@ (6) 
m 
In order to solve the equation (1), (2) and (5) let us introduce a pressure p" defined by 
De (7) 
BimoKx 
then p' satisfies the wave equation, vanishes at x = 0 and contains the incident wave terms 
pt o[ coen|, f_(ct - R) (a) 
B Ox R R 


The problem for p’ is thus that of a wave source and doublet at A with a free surface at 
x= 0, Hence by the addition of terms corresponding to a virtual source and doublet of 
appropriate signs at the imaje point A" the solution for p’ is 


ee gS [tea ) , tena 
B Ox R R 
AReeOls (tin (cth—nR)|) mn ta(cte=ake) 
i B ox k' R' (9) 


From (7) and (9) we have 


r) =| (ec f (ct — R) ft (ct - R') 
Sy wee [&+ 4] [ R : R 


228 eel (10) 


and the solution for p is obtained in the form 


* = B(x -X) 
Deta(ctteiR)i ee faction) Ay t(ct - Rp) or 
p — ————— - 28 —————______ 
R R Ry 
Xo 
o2x2 Xo oe 
it 
ct >R'DR 
where 
Re = r? + (x + a)? 
Beene es (x <a)? (12) 
Ragem rete. (ara)? 
Xo aad = V ct -rfr 


It can be verified by direct substitution in (1) and (5) that (11) satisfied both these 
equations, . For ct < R' the solution for p is of course given solely by the incident wave (2). 


By eevee 


ia tes 


By change of integration variable to R, equation (11) can be written in the form 


i - BV aE et f R,) oR 
scant (ctienR) gy ta(ct = RY) _ 5 4) a= B(x - a) oh apie Ania nee 
R R' R' / R vig 


(13) 


ct > sRY 24k 


The solution for the velocity potential ¢ is given simply by substituting — t/p c 
for f in (13) where t, Is defined by 


tf, @) =" tO) 46) (14) 


Application to underwater explosion wave. 


For an underwater explosion wave we assume as in Report A that the incident wave has 
form 


f(ct-R) = pp Re c (15) 
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where p_ is the maximum pressure in the incident wave at distanc2 R_ from the explosion. We 
shall consider only the pressure and velocity at the plate since this is the item of major practical 


importance. 


Now from (13) and (15) we have at x = 0, 


= Feo) Chg By Ry - +n Rafe 
SS c SB Re Ea e d Ry 
° — Es 
a Werner ee 
° 
R 
x = 0, t22 (16) 


where Ro is the distance of a point P of the plate from tne explosion centre and is given by 
Resmi ita (17) 


The velocity v communicated to the plate is from (3) and (4%) given by 


m = pdt = -p¢ (18) 


and - 9 cd is obtained by putting f, for f where from (14) and (15) 


f, (ct -R) = ae (eee) (19) 


Hence - n O¢+ p is equal to the pressure when the incident wave is of constant pressure py 
i.e. when n= in (16). Hence 


Roe 
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a 
tog 
ct Sia Wy ire 
i B e aR, 
ful SS ey shi ret 
2 Py 2 Ro - 6 
R 
° 
x = 0, t2R/C (20) 


The integrals in (16) and (20) cannot be integrated in terms of known tabulated functions 
and can at best be expressed in terms of an indefinite integral involving also a parameter. 
Numerical evalution of this integral for all possible combinations of upper limit and parameter 
would be extremely laborious and it is thus desirable to consider what approximations are possible. 


let us put 
th t= heh Utes R/C ‘ 
. ct RA DR, 
Romie uaa (21) 
t' 2020 
Rc Ric a 
BAR, ci.) 2.8, 
na mna 


so that t' is the time after arrival of the incident wave at a point P of the plate andé isa 
Non-dimensional quantity defined by the same equation as in Report A. 


Now when t' and therefore { is small, 


3 + Rel rc? x? 
Vaan = Vee eRclret te Sree ty? ars (22) 
and thus if 
yeaa aa eee, a u (23) 
and are sma 
i a a 
and we neglect terms of these orders in (16) we obtain 
B . Ve Re Ye 
’ c . ‘ hi 
DL gem aoe e a at (24) 
2p. a 
o ° 
whence after integration 
= 1 = ne t’ - nt’ x =" "6 
mee Ged [<e ré | (25) 
Po abe Ae) 


which is identical with equation (23) of Report A. The approximate expression for v wil) similarly 
agree with equation (25) of Report A. 


Thus the solution given in Report A for an incident plane wave will hold as a good 
approximation for an incident spherical wave provided t" is smal) enough to satisfy the conditions 
(23) above. 

It is of especial interest to consider whether these conditions hold up to the time when p 
Changes from positive to negative since if so the solution and conclusions of Report A for the case 
where the plate leaves the water will hold with sufficient accuracy for the spherical wave case. 


Now the time at which the water leaves the plate for an incident plane wave is from equation 
(26) of Report A given by 


nen, Lage (26) 


ANd soon 
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and the corresponding velocity communicated to the plate Is from equation (27) of Report A given by 


areas eee (27) 


Vv — 
mn 


m 


Tne above equations (26) and (27) will hola as a good approximation for the present case 
of a Spherical wave provided (26) satisfies the conditions (23), i.e. provided 


Rc loge Brrc® ¢ woz €)? 
and —y—- | —— are small 


na €-1 na €e-1 


and these conditions can ve written in tne form 


2 2 
a ftoe€ and —_, € log € are small (28) 
Ba €-1 Bak, e-1 


Now in practice (see Appendix 1) 8 a will be large and thus unless € is large conditions (28) wil) 
hold and therefore equations (26) and (27) as In Report a, 


Since € can be large in practice, especially for small anjles of incidence, an approximation 
to cover this case is obtained in the Appendix wnere It is shown that under the conditlons B a and 
€ large, wnile 1- é R_ of order unity, then, correct to fractional errors of order z and Ba 
equation (16) becomes 


R ’ 
Ripi dco Bal ERE IE PN (a) eae erase (29) 
2 Py ct € nk 


and p vanishes when 


ne Log a, 1 (Log a)? 
€ 2 Bae 
(30) 
where ay st 
(1 - Sa 
0 


The velocity given to the plate if it leaves the water ‘s still given, however, by equation 
(27) correct to fractional errors of the first order. 


Thus although when € is large the conditions (23) do not hold up to the time when the plate 
leaves the water yet equation (27) is still a good approximation for the velocity given to the plate. 
The apparent anomaly is due of course to the fact that when € is large the pressure on the plate 
decreases very rapidly at first so that practically the whole of the velocity given to the plate is 
communicated in the very early stages during which the conditions (23) are valid. 


Now, as shown In the Appendix, the conditions (i) Ba large and, (ii) 1-£R_ positive of 
order unity, will usually nold in practice at distances from the explosion at which the explosion wave 
can be regarded as of small amplitude, We thus have finally that the velocity communicated by an 
underwater spherical wave to the plate if it leaves the water is given approximately, whether € be 
Yarge or not, by the same expression (27) as that obtained in Report A for an incident plane wave. 


Summary. 
A general solution is given for the problem of a spherical wave of smal) amplitude incident 


on an infinite plate which moves normally to itself and offers a purely inertia resistance to such 
motion, ; 


The case of an underwater explosion wave is specifically considered and approximate formulae 
are obtained which will usually hold in practice at distances from the explosion for which the 


explosion wave may be expected to behave as one of small amplitude. It is shown in particular that 


If NO eeoee 
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if no tension can be sustained between plate and water so tnat the plate leaves the water when the 
pressure tends to become negative, then the velocity communicated to tne plate is given to a good 
approximation by the same expression (27) as derived in Report A for an incident plane waVe. 

It follows that the conclusions given by Taylor in Report A for the damage law to be expected if 
the plate leaves the water still hold wnen a Nowance is made for the spherical nature of an 
explosion wave. 
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APPENDIX 


fe. Numerical values for underwater explosion waves. 


let 
Po = maximum pressure in explosion wave, tons/square inch. 
A = total impulse in explosion wave, 1b.seconds/square inch, 
W = weight of charse, Ibs. 
0 = distance from charge, feet. 


C = velocity of explosion wave, feet /second, 


h = plate thickness (inches) 


Then for distances at which Py € 2 tons/square inch the following empirical relations 
have been estaolished for T.N.T., aiatol and juncotton. 


1/3 
ti can tons/square inch 
D (31) 
2/3 
A BON 1b.second/square inch 
D 


Since the experimental curve is not exactly of the exponential form assumed theoretically the value 
to be assigned to n will vary to a sinall extent according to the criteria used in fitting an 
exponential to the experimental curve. Since we are concerned here only with the order of 
quantities involving n it will ve sufficient to take the simple criteria that theoretical and 
experimental curves nave the same Py and A. Then since n= psa for the theoretical curve, the 
same will hold for the experimental n romembdcring that Po and A must be expressed in the same 
units. On this basis the empirical formulae (31) yive 


1/3 
= ——" seconds (32) 
8250 


Te Dd 


whence taking c = 4900 feet/second for a small emplitude wave we have 


Cea Es tec (33) 


n 1.68 


In order to decide on a reasonable value for tne distance, Do Say, beyond wnich the explosion 
wave may be regarded as of small amplitude we note tnat the empirical relations (31) agree with the 
inverse distance law valid for a small amplitude wave. Since these relations have been established 
for Py < 2 tons/square inch this sugjests that D, be taken as the distance for which p, = 2 tons/square 
inch. 


On this basis 
3 1/3 
0, 3.5 W? feet (34) 
For a spherical charge this value of D_ corresponds to about 13 Charge diameters and for a charge 
of 390 1b, T.N.T. gives 0, = 25.6 feet = 780cm. for this latter charge Penney has calculated 
the theoretical variation of Po O with D and from his paper we see that D = 780 cm. is a reasonable 


value for the distance beyond which Po D is constant. It may be noted that the equilibrium radius, 
Dy Say, of the bubble as given by Ramsauer's formula is 


o, = =— feet 
1 Vian ee (35) 


WhHEFE ceaes 
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wnere W is weight of charge in Ibs. 
P is external hydrostatic pressure in atmospheres. 


For depths from 0 to 90 feet, Py varies from 1 to 4 atmospheres and Dy is much the same 
as 0. given by (34). 


Taking (34) therefore as a reasonable estimate of the distance D. beyond which the 
assumption of a small amplitude wave is justified we have from (33) and bu), 


n 


On SK9) 

c 

(36) 
> 
Ro z D5 
Considering now the order of the value to be expected for B a we have 
Bas Oa = a (37) 
m sh 


where h is the plate thickness and s is the specific gravity of the plate relative to the water. 


For steel plates relative to sea water we take s = 7.7, whence 


where h and a are in same units OR 


a in feet 
ae pasha (38) 
h . 
h in inches 


For a smal) amplitude wave we thus have 


a 20 
pt a0, W in Ibs. 


Ba > 2 yi/3 (9) 


n J 


h in inches 


We thus see that except for small charges close to thick plates the value of @ a will be 
large, of order 10 or jreater. It may be noted that for the particular case considered in Report A 
of 300 1b. T.N.T. at 50 feet against 4 inch plate, Ra = 147, 


Tile Approximate solution for 6 a and e large. 


Let u and w be functions of Ro defined by 


Oman a VY Ree oor 
w= BR, - DV R.2 2 Ce 
2 tc ieee 


Then sree 
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Then the following relations hold 


ch ae a 
dR, VR? —re 
22 2. nt) <2 
Woe u = (6 - +) r 

c 

(44) 

ow u 
du W 


n Vre 2Z 
R/O Ree = ir 
I = ENG #2 2 u 
Sigeoneare mae pak = au 
VR - / 


Whence using the relations (41) we have 


5 ' 3 [ a i r2 
I = [e[s+4]] = os 4 = a du (42) 
W w W 


Ww 
Now putting as in (21) 


R, «= Ro Hic iG 


2 
2 Zz a Deh aan Pee A 
VR =r =v a eins Ct tice f 


we have since Ro 2a the inequalities, 


Rc ia 
o $ > V Ro iy; 
a 


> atcl (43) 


a? 


whence 


R cl 
Bue ec) = 2 a+ 2 Swe G(R +cl) - Blatc fg) 
a 
which may be written in the form 
x 
Ae vend 2 CS oO eg Be Jat dee eee De (uu) 
~ € R, Ba = € Ry» Bie 


Since { < t' we see that if nt'/Z a is small and € large, 


he) /sill 1+ cf (45) 


° 


WNENCE seeee 
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wnence since Ba is large and R, > a we see that W is large of order 8 R, or greater, Hence it 
can be shown that 


| 2,2 2 | 
Lert #3 = inves) it Zid 1 “ 1 (46) 
| " : | F Ry e Bra 
and we thus have from (42) 
aye ip ce 2 - 8 47) 
I [ es “| ai ( 


where 


i 1 
| s,| = ola: azz | or less (48) 


From equation (16) we have 
(1+ 8) Coal = (1+ 8,) eae 2BR, Pleiies: (1 +8.) 7 
Po 


and thus from (47) we find after simplication 


' = I 
a BL eee, Je MOE Ne 0 (84) 
aioe €-1 €- 1 (BR, - na/c) 
Bre 8 iv eek roe a) } BV ot? - r= nt Pee 
+ = lt aR bee oer FW 5 
Bct-nvV t--re/ee (Bet —-nvV te rice 1 


(49) 


Under the assumptions Ga and € large and nt'/G a small the above equation (49) thus gives 
the solution correct to 0 (6,), i.e. the errors are of tne second order. : 


1f we now approximate further we obtain from (49) 


BoWewomm EY ct sr + Ba 4 | - ae} (50) 
€ 


2 Po ct n Ro 


which is correct to fractional errors in cach term of the first order 2 > Ba » provided [: - | 
° 


is not small. As shown in Appendix |, c/n R_v il) usually be of order z or less for underwater 
explosion waves of small amplitude and thus (1 — c/n R) Is positive of order unity. If 
equation (50) is truc up to the time of maximum velocity corresponding to p =o then this time is 
given by 
ie FR IBS ay age 
-BV c*t* Fr +Ba+ nt’ a, ct 
e = 


R 
° 


(51) 
where a, * 
Cc 
G- ae) 
Co) 
'n order to solve this implicit equation we assume ct’/ Ry is small ana retalning only the 
predominant terms, we obtain as solution 


log a, reel (Log a)? 


nt’ = = 
€ 2 Bae 


(52) 


SINCE) secs 
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since, for 1- c/n Ry positive of order unity, 


loya, = 0 (Log €) 


(53) 


Oo 
o 


ze” SES nt 
R 


= 


We thus see that for large € and B a, then up to the time of maximum velocity the assumptions 
that nt'/8 a and ct'/R, are small are both justified, especially tne former since nt’ is itself 
small up to this time. 


Corresponding to the approximation (50) for (16) we have a similar approximation for 
equation (20) given by 


R ~ BY ot? Ba 


= r+ 


minVEtapl vey s0 + Los (54) 
2 pp ct enR, 
whence 
mIntV) =) ga nts i ies + c 
2 a € enk, enk, 


-Pvc 22 2 
=e nee {0 (Z) + 0 (ge) } (55) 
Now at the time of maximum velocity we have from (51) ana (52) 
AV a ee 


Sa te 0 (z) 


‘ ' 
c (Alea oem y ee oanat 


en, enk, 


1 ct" 

0 (2) x 0 ge) 
Loy € 1 1 

: + 0 (2) + 0 (5) 


nv ' 1 
Sp viet ~ @tre~ @ (56) 


‘ 
which is correct to small fractional errors of order 7 ’ z , Fa . 
) 


Thus under the conditions @ a larje andi - wR positive of order unity, when € is large 


the maximum velocity communicated to the plate is given approximately by the same expression (27) 
as for € not large. 


BD Validity of solution when plate leaves the wat 


The solution has been obtained on the assumption implicit in the boundary condition (5) 
that the plate is in contact with the water. If the plate leaves the water at any point P then 
the solution will be valid at P up to this time provided no effect has by then reached P of earlier 
separation of plate and water at other points P' of the plate. Since the effect of such earlier 
Separation will travel from P' to P with velocity C the solution will be valid provided the 
separation of plate and water travels over the plate with velocity greater than C. 


NOW seese 
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Now the time t at which the plate leaves the water is given by 


a 


eae oe oe SF (57) 
Cc 


Where t', if the solution is valid, is given by equation (52) or (26) according to whether € is 
large or not. Equation (57) gives the relation for the time t at which the separation reaches , 
distance r from the centre of the plate and thus 


velocity of separation = = (58) 
and from (57) 
Ot = i 5 Cha t" ae (59) 
or c rc) A Ry 
(i) € not large. 
Then from equation (26) 
One: (Olt £0.e Kot! 2 os € loge€-€+1 (60) 
R OR, O€ Ry O€ n Ry (e - 1) 


It can easily be shown tnat as € increases from 0 to© the function in brackets In 
equation (60) decreases steadily from 1 to 0. 


Hence 
: 
o> Shp - 4b (61) 
0 Dro 
whence from (59) 
IOS SCRE cts cca en ea (@) 
c Roe or RPalinc n Ry 


provided nR /c 21. As shown in Appendix | this latter is satisified by smal) amplitude 
underwater explosion waves and thus from (62) 


(uel Is 


; c (63) 


(ii) € large. 


From equation (51) regarding a, asa function of Ry we nave 


da, “ Be €@ (su) 
OR, na 1 c/n R Sateen RB)? i 


defining O which is of order unity since n R,/c is of order 6 or greater. 


Hence from equation (52) 


2 
ot’ 1 Log a (Log a.) 0 1 Loa 
— = 2 Selle thse Pe a ae eee (65) 
> nk, € 28ae a, Ba a, 


Since ceoes 
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Since a, is of order € which is large the bracketed function in (65) is small and positive, 
whence equations (61) and (63) hold also for € larye. 


Thus whether € be large or not the velocity of separation is jyreater than C and the 
solution of this paper is valid at any polnt of tne plate up to tne time it leaves the water. 
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Summary 


It is possible that the propagation of the pressure-pulse from an 
underwater explosion may be affected If the velocity of sound is different at 
different depths of water, The suggestlon by Professor Taylor that energy 
may be concentrated near the surface by a layer of fresh water lying over 
salt water, and that shock damage may thus be caused to ships at abnormally 
great distances, is exanined mathenatically (using linear sound theory). 

It appears that the energy flow per unit area might be increased by a factor 
of the order of three if the top ten feet of water were fresh instead of salt 
provided that the explosion occurs in, or within a few feet of, this layer. 
The effect of temperature variations is concluded to be too small to produce 
an appreciable effect. The extent to which these conclusions are affected 
by the departures of explosion pulses from ordinary acoustic theory is 
uncertain. 


Introduction. 


It has been suggested that the propagation of the pressure pulse from 
an underwater explosion may be naterially affected by the fact that, due to 
variations in temperature and salinity, the velocity of sound is different in 
different places. In particular, certain cases of shock damage to ships at 
unexpectedly targe distances of. the order of 1,000 yards might be accounted 
for by a concentration of energy by some such mechanism (1). An investigation 
of this point, following up suggestions nade by Professor G 1, Taylor has 
been nade. In order to make the mathematics nanageable, it has been necessary 
to use ordinary sound theory, to neglect both the variation in the velocity 
of sound with pressure and the cavitation phenomena which occur when an 
explosion pulse is reflected at a free surface, This means that we cannot 
hope to obtain more than a semi-quantitative picture of what takes place, but 
the indications secm to be that isolated cases of shock damage at abnormally 
great distances can be accounted for in this way. 


The Physical Hechanism. 


Although one can think of a numter of ways In which a concentration 
of energy might be caused, practical considerations seem to narrow down the 
field of choice, One might imagine a section of coast or sea—bottom acting 
as a concave mirror, or a large body of water, slightly different from its 
surroundings, acting like a converging lens.(2). Such possibilities cannot 
be ruled out, but it is almost impossible to form an estimate of their 
probability or importance. We consider here a phenomenon that is definitely 
known to be appreciable, the refraction of sound by stratified saa-water. 

A little consideration shows that the general effect of refraction is to 
concentrate the flow of energy into those reafons where the velocity of sound 
is least. We consider, therefore, the case of a "slow" layer of water lying 


ADOVE weoaece 
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above a "fast". one and investigate the extent to which such a concentration is 
tikely to oceur, We need a numerical estimate of the likely difference of 
velocities. |f we suppose that we aro near a river-mouth, it Is possible 

that a layer of fresh water will Ile above the salt water for a considerable 
distance out to sea, The velocity of sound in fresh water is about 4% less 
than in salt which turns out to be of the right order of magnitude to give 

an observable effect of the type for which we are looking. |\f we attempt 

to attribute such effects to temperature variation in the water alone, we meet 
with a number of difficulti2s so serious as almost to rule out this possibility. 


(a) The temperature difference between the two layers to give a velocity 
difference Of 4% would have to be about 15° C., a large value. 


(db) Even if such temperature differences were possible, the transition 
between the layers would not be as sharp as it can be between fresh 
and salt water, and reflection effects would be correspondingly 
reduced, 


(c) In order that the energy should be concentrated near the surface, It 
would be necessary for the "slew" or cold layer to be above the hot. 
Such a state of affairs does sometimes occur, but it is rare, belng 
essentially unstable, except in the region between 4° C. and zero, 
over which range the change in velocity is very small, 


Statement of the iWathematical Problem. 


To fix our ideas, consider a sca of salt water, with a ten-foot layer 


of fresh water above it. We wish to investigate the propagation of sound 
wavzs of various frequencies, and this being known we can infer the way in 
which a pulse of arbitrary shape will be propagated from a point source, For 


mathematical reasons, it is difficult to treat directly the cas2 of an Infinitely 
deep sea, so we consider the case of a ten-foot layer of fresh water above a 
hundred—foot layer of salt water resting on an acoustically rigid bottom. 
(This is probably not unlike the conditions that do in fact exist near a 
river=-mouth). We first review two avallablo methods for dealing with the 
corresponding problem in a uniform sea, 


(a) The method of images. The effect of the surface and bottom is 
replaced by that of an infinite scries of imagss of the source, and 
the effect at a distant point is computed as the sum of all these, 

The resulting serics is very slowly convergent, but can be transformed 
in various ways, provided that we assume perfect reflection at bottom 
and surface. Application to the present problem, wher= we are 
concerned with a partially reflecting surface, would te difficult. 


(b) The method of normal modes. We use cylindrical co-ordinates, 
the axis of symmetry being the vertécal through the point source, 
Let the free surface be the plane y = O and let y be the distance 
below this surface, Let: 
Yo be the depth of the source; 
h be the depth of the boundary between the two layers; 
| be the thickness of the lower layer, 
If the velocity of sound is uniform, a typical solution of the wave cquation 


satisfying the boundary conditions at the free and rigid surface is:- 


baw steialete 
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; abla en = fut (an - fan= 2 \2 |, 
Pn = sin ets cman pas = oe at 
Oe Tah ep 


4 


(1) 


We need a sine function of this aoa in order to satisfy oe O at the free 


surface, and yn = 9 at the rigid surface. (The function J, could be 
replaced by iy. We solve the problem of a point source first by adding 
together such solutions fn order to make the potential near y = y, agree 
with that of a point source. We could then add up these solutions for 
various frequencies to make a pulse of the form we wish to study. For the 
present we confine ourselves to a single frequency source. The appropriate 
solution: for this case can be shown to be:- (3) fe 
Ch) 
pee ene fees @ sin (yy) sin (1 yo) Ho at - A, \tr| elt (a) 
; aC anes Tame) 2 
ot 4 Hea sin2 (y%) dy c 
where y, = {20 = lI ang eee is the first Hankel function. At large 
Ninn ath) chet er 
7 ix 
distances this function may be written Buia (x)~ 


(lb ss 
2 
and therefore represents, if x is real, a wholly outgoing wave, the factor 
being the famillar one associated with cylindrical spreading. If x is 


imaginary, this function represents a decreasing exponential, and will dle 
away to a very small value in a distance r of the order of h + |. Thus, at 
distances great conpared with the depth, the contributions of those modes 
for which y, > 2 will be negligible so that the pressure will fall off as 


_| the sound being continually reflected between surfaces and bottom. As 
= 


we approach to distances of the order h + | the contributions of these 
"exponential-like" modes become appreciable until finally very near the source, 
we find that the pressure is falling off according to the familiar inverse 
distance law en For brevity, we shall describe those modes for 

u y2)2 
which y, <= which alone are important at great distances, as the "carrier" 
modes. 


Th2 mathematical problem is now quite clear: we have to repeat the 
work we have just summarised, using nornal modes appropriate to conditions 
when the velocity in the two layers is different. 


The New Normal Yodes. 


Let c, be the velocity in the upper layer, and c that in the lower 
layer. By continuity considerations, we should expect our normal modes to be 
similar to those that occur in the und form case. We therefore try solutions 
of the wave eauation of the following types. 


iat 2 
one © sin py Beta es - p? 2 in top layer 
c 
4 | 
b \ p er (3) 
=the (= cd + coe) Hea (4 + 4 ) in lower layer, 
c 


where for the present we leav2 open the question of whether p_and q are real 


or imaginary, We use a sine in the top layer in order that = may vanish 


at cecvee 
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at the free surface y = 0, From the conditions that the pressure and normal 
velocity are continuous at the boundary y = h, we obtain:— 


2 2 
p2 + q2 =e = Oe ee RSA) (L is always real since c,<c) (4) 
A RT 
| Ee 
sin p h = 8, ef" + . e7ah (Pressure continuous at boundary) (5) 
= gh -gh A . 
p cosp,.h=qi(B,e* - C, e )(Normal velocity continuous at (6) 
boundary) 
B, and C, are. related by the fact that the normal velocity at the bottom 


must be zero. This makes: 

s inestona lines -g (h + 1) 
Bneeed =UGAwe id (7) 
Eliminating B, and C, we obtain the following relation between p and q:- 


tanp nh +P coth g | =0 (8) 
; : 


and the following form for the typical normal mode:- 


: 2 
¢, = elt cin p y Hee +5 -p*\2 - In top layer 
c 
| 
(9) 
ea = e!4t sin p h cosh q (y - h-— 1) Healt hexe _ p*\2 rl in bottom layer 
cosh q | ( re 


Jt can te shown without difficulty that these functions are orthogonal if 
two distinct ones are multiplied together, and integrated fron y = 0 to 
Sen tral They can therefore be treated exactly IIke Fourier series in 


every respect but one, In equation (2) the normalisation factor is 
independent of y, and is simply h + lt. For normal modes of type (9) the 
2 


expression is:- 


ir sin@ LYE OV) iat 4 sin? p_h cosh? qly-h- 1) a 
cosh“ q | v 
Sifierstacip sh) Al emcos= pul “id= hee Sy (10) 
-_- re Soe a 
5 a2 p q2 q2 2 2 


which has to be computed separately for each mode. Repeating the work 


that led to equation (2), we have to replace sitin (mh Yo! 


fine sin? (ym y) dy 


ty sin (p y) or by cosh q (yo - h = 1) sin ph according to whether the 
Ky Ky cosh q 1 


source is in the top layer or the lower layer. Our problem is now solved 
if we can determine p and q for each mode, 


3.2. lasceee 
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3.2.1.2he Solutions of Equations (4) and (8) 
We consider various possibilities:- 


(a) p imaginary. This would only be possible if c, > ctl Imaginary). 
For L real Equation (4) implies that q must be real, and there Is 
then no solution of equation (8). 


(b) p real, q real. This corresponds to a mode which oscillates with y 
ir the top layer, and dies away exponentially in the bottom layer, 
so that most of the energy is carried by the top layer. We call 
this type of mode a "canalised" one, 


(c) p real, q imaginary. . This corresponds to a mode which oscillates 
with y In both layers. We call this type of mode "non—canalised". 


A rather troublesome problem is to prove that the canalised and 
Non=canalised modes together form a complete set, so that we need not consider 
complex values of p and q. Perhaps the best argument is the physical one. 
|f we allow | to approach zero, our problem goes over into that of uniform 
sound velocity and It can be shown that the modes of types (b) and (c) go 
over smoothly Into the Fourier Serics for the uniform medium, which is known 
to be a complete set, The introduction of complex values of p and q would 
lead to modes which would go over into something of the type sin [(a + i b) y]J 
which would be redundant in a Fourier expansion. 


There are only a finite nunber of canalised nodes, From equation 
(8), If p and q are both real, tan p h must be negative, which means that 
p h can only take certaln values between 7 and 7, between 27 and 27, and 


2 
so On. As p is less than | by equation (4), this Implies that | must be 


L L 
greater than 7 for a canallsed mode to exist. This implies a lower timit 


to the frequency for which such a mode can exist. As the frequency risss, 
two things happen. First, q, for any given mode, increases steadily from 
zero, which means that the exponential decay in the bottom layer becomes more 
and more rapid. Secondly, more and more modes of the canalised type appear 
as .~ passes the values a7 5ST, etc., so that we might reasonably Infer an 


Increasing concentration of energy in the upper layer, as the frequency rises, 

However, a rise in the frequency also increases the number of non-canalised 

modes ({p real, q imaginary) for which © > p and which therefore remain important 
c 


at great distances (say of the order of! 500 feet). We therefore Investigate 


the energy flow for a few frequencies in a typical case, 


3.3,Results of Calculations. 
We assume the following conditions:- 
Thickness of top layer !0 feet, velocjty In this layer 5,000 feet/ second 


Thickness of bottom layer 100 feet, velocity in this layer 5,200 feet/ 
second, 


Whence we have , ="5.49°x) 10) - > (11) 


the critical value of wis given by tan c =a , which, solves by successive 


approximatlons ...e0. 
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approximations, gives us Wp- = 2.97 x 10>, For a very large depth of water 
c takes the slightly smaller value 2.86 x 10> for the same thickness of 

top layer, We now calculate p and q by successive approximations from 
equations (4) and (8) and then calculate K, from 2quation (10). This _was 
done for some typical modes for the following three frequencies w= 10 F 

10% and 1.82 x 104, the first being telow the critical, and the other two 
above it. As it was found that these three frequencies gave a sufficiently 
good physical picture of the situation, no further calculations were carried 
out, Some specimen results are tabulated below. 


TABLE |. w = 10>, Total number of carrier modes = 7 


Number and Type of Mode 


TABL Gh2ew ea = lO Total number of carrier modes = 69. 


q for uniform water 


TABLE 3. w= 1.82 x 104, Total number of carrier modes = 125 


1.034 1.319 


zm ed 
q for uniform water a «243 » 760 
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C stands for a canalised mode, N for a non-canalised mode, 
K, would take the value 55 for all modes in 110 feet of uniform water, 


The values of "q for uniform water" are calculated on the assumption 
that the speed of sound is the same as in the lower layer, in 
we took It equad to the speed in the upper layer, extra modes, 
corresponding to the canallsed modes, would appear. p is always 
real, q ls real for a canalised mode, Imaginary for a non-canalised 
‘mode, 


The K, (the normalising factors) are all calculated on the basis of 
the amplitude of the sine wave in the top layer being unity. We 
therefore have three possible cases:— 


(a) A very large value of K, indicates that the amplitude of the sine- 
wave in the lower layer Is large compared with that in the top layer. 


(b) A value of K, of the order of 5 indicates that ths mode Is 
practically confined to the top layer (a canalised mode), 


(ec) A value of K, of the order of 55 indicates that the amplitude of 
the mode In the two tayers Is practically equal. 


By generalising equation (2), we find that the extent to which any 
given mode is stinulated is proportional to the expression obtained by putting 
y = Yq (where y, Is the depth of our source) In equation (9), and then 
dividing by Ky. We thus see that, for a source in the top layer, modes of 
type (b) (canalised modes) will be strongly stimulated, modes of type (c) 
moderately stimulated, amd modes of type (a) will be weak, For a source in 
the bottom layer, the stimulation of the canalised modes will be weak (due 
to the exponential decay), while modes of types (a) and (c) will be moderately 
stimulated, In other words, we should expect a canalisation effect if the 
source is in the top layer dus to reflection at the boundary tending to 
confine the sound, tut, If the source is In the bottom layer, the sound will 
be transmitted very much as if the top layer were not present at all. We 
therefore confine our attention to sources in the top layer. The stimulation 
factor of every mode will then te of the order of magnitude. Strictly 


speaking it is S'7 P Yo, but we are not concerned with cshautaciore of pressure 


flelds due to sourcas at particular depths, but we want rather a rough average 
Over sources at all depths within the top layer. In the same way, it is 
permissible to average the Hanke! functions (provided that thelr arguments 

are real) over a distance of the order of a wave-length, so that we neglect 
the oscillating property of the function and simply retain the factor cit 


vr 
Of course, we may not do this If the argument is Imaginary. 


Expressed more precisely, what we are really doing is to estimate 
the energy residing in a hollow cylinder of large radius due to point sources 
distributed along the r axis at all depths in the top layer. To do this, we 
take an expression of the type (2) for the pressure, substitute in it normal 
modes given by equation (9), square and then integrate over the whole depth 
of water. All the cross-terms then vanish owing to the orthogonality, and 
the contribution of all except the carrier modes fs nagtigible owing to the 
exponential decay of the others with rf. We have therefore simply to estimate 
how the energy of each mode divides itself between the upper and lower layer, 
and how much 2ach contributes to the energy. The energy residing in the 
upper layer is. proportional to h and that in the lower layer 

ie dh dy 
K 2 


n 
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lear 
to ie tn? dy. Proceedina on these lines, we obtain the following 


K 
n 
final results, comparing this case with the one for uniform water:—- 


a= 10° No chanae in flow of energy due to stratification. 


oi ao Energy flow in top layer increased by factor of 2,5 
Energy flow in bottom layer reduced by about 15% 
w= 1.82 x 10* Energy flow in top layer increased by factor ty strati- 
of 2.9 fication 
Energy flow in bottom layer reduced by about 
20% 


These results were not obtained by a very accurate method, as it was only 
desired to calculate the order of magnitude of the effect. Since the pressure 
pulse from a large charge is represented approximately by 17" anda is 

of the order of 102, it is clear that only the higher frequencies, making 

up the head of the pulse, can be canalised. 


Extension to other Depths of Water. 


The difficulties that stand in the way of applying this theory to 
infinite depths are fairly obvious, Not only does the number of carrier 
modes become Infinite, so that we have an integral to deal with instead of 
a sum, and the processes we hav2 adopted (while clearly justiflable fora 
finite serles) may not te so for an integral, but we have to take account 
of the remalning modes as well, It can, however, be shown without difficulty 
that If wo are 1,000 feet away, the figures we have given for initial 
frequency and energy flow would hardly be altered up to depths of 1,000 feet, 
so that our Investilaatlon seems to cover most of the situations that areever 
fikely to occur at a river mouth, 


Conclusions, 


It appears that the canalisation nechanisn suggested by Professor 
Taylor is in principle capable of accounting for freak cases of "shock damage" 
In such placee as river nouths where fresh water is likely to lie atove salt. 
It also seens that this mechanism Is not capable of accounting for freak cases 
of camage to ships! plating, because only part of the pressure pulse Is 
transmitted In this special way. It also seems that stratification due to 
tempcrature olfferences is too small an effect to be of Importance In this 
conncctlon. The extent to which the conclusions must be modified in ordor 
to take account of the differences between sound and explosion pulses is 
uncertain. The factor found for the higher frequencies is about three in 
the anergy flow, which would give a factor three in the maxinum distance 
for damage caused by these frequencies, 
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MEASUREMENTS ON PRESSURE WAVES IN REGION OF TWO OBLIQUELY 
INTERSECTING UNDERWATER SHOCK WAVES 


A. M. Shanes 
Underwater Explosives Research Laboratory 
Woods Hole Oceanographic Institution 
Woods Hole, Massachusetts 


Introduction, When two equal waves intersect, elementary theory 
indicates that the maximum pressure should be apnroximately twice 
that of one of the shocks alone. By more advanced methods, Von 
Neumann (Bureau of Ordnence, Explosives Research Renort No. 12, 1943) 
has shown that when the finite amplitude of the waves is considered, 
the pressure in water should exceed the sum of the components by an 
amount which increases as the waves intersect more and more obliquely, 
1.€., less head-on, At a certain critical angle, however, the 
phenomonon changes qualitatively, the two waves merging into one 

in a certain region (Mach region) about the interseotion plane of 

the two shocks, It has been postulated that in this region the 
pressure at first increases and then falls to a relatively low 

value as the interseation becomes more and more oblique, epproaching 
glancing incidence, 


Experiments on the underwater shock waves from two simultaneous 
explosions have now confirmed this picture, at least qualitatively, 
Pressure-time curves in the region of intersection of the shock waves 
from the two charges were obtained with 4 small piezo gauges, Two 
of the gauges were located on the perpendicular bisector of the 
line joining the charges. The gauge=to-charge distances for these 
gauges were kept constant but the angle of intersection at the gauges 
was varied by changing the charge=to-oharge distance, 


The pressure versus angle curves show the expected maximum 
(Figs. 1, 3, 4). This 18 more pronounced if the observed peak presq~ 
sures are corrected in the customary way for the finite response time 
of the gauges. 


The impulse integral f pat and the energy integral 5c J peat 
were also evaluated (Figs, 5-10), 


From the practical viewpoint these results indicate that a 
given weight of charge should be more effective in oertain direotions 
if divided into two or more) equal parts fired simultaneously. 

For damage tests with double charges see UE-18, p. 68 and UE-19, ¢.21, 


A gauge on the line through the charges showed the expected 
strong shielding of one explosion by the gas bubble of the other. 


Method, The shock waves studied were generated by the a imultsaneous 
detonation of the two oa, 1700 g. spherical cast pentolite charges 
and recorded by 0,22" diameter doublet piezo gauges. The arrange- 
ment of charges (C) and gauges (G-A, GB, G-2, G4, GZ) is shown 
in the following sketoh, 
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= piezo gauge location | 
C= spnericsl Pentolite | 
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The Gistance D was varied from zero ( a single charge) 
to 68 inshes, R being kept constent at 4 feet, Tnrcughout thie 
report the separation is expressed in terms of the angle q, 
which is aiso the half angle of shock wave intersection which, in 
the abserce of a Mash effect, would be expected at G-A and G-B, 
Displaced glightly from the plene of intersection were gauges G-4 
(4 inches from G-A) and G-2 (2 inches from G-B), 


To obtain records of the screening effect of the gas bubble 
from one charge on the shock wave from the other charge, gauge 
G-Z was placed along the line of the charges as shown in the 
aketch, 


Simultaneous detonation was obtained by discharging dykancl 
condensers totalling 36 microfarads capacity, charged to ca, 1000 
volts, through the 2 Dupont "SSS" seismograph caps connected in 
serie 


Frior to adoption of the above technique for aimultaneous 
detonation of caps, a more extensive series was run in which peire 
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of 50 g, loose tetryl charges were detonated with one sap by means 
of equal lengths of primacord, Two gavges were employed, both in 
the intersection plane, The results on peak pressure, the only 
ones obtainable because of the interference of the primacord waves, 
are in agreement with those obtained with the larger charges, 


Results; Peak Pressure, Table I and Figs, 1, 3 and 4 summarize 

the peak pressure data, In perticular, Fig. 1 shows the results 
obtained in the intersection plane for the 1700 g. charges, corrections 
having been apvlied for systematic gauge differences and for the 
response time of the gauges (see below), It is seen that the initial 
shape of the curve follows the theory (H, Polocheck and R, J. Seegar:; 
Bureau of Ordnance, Explosives Research Report Nc, 14, 1944) but 

that the quantitative agreement is not perfect, 


It ig important to note that the correction for finite frequency 
response was made by extrapolating the pressure~time curve to zero 
time on a semi-log plot. Normally this plot 1s s atraight line for 
a time of the order of the time constants, indioating an initially 
exponential decay, In the region near the pressure maximum (c& = 62~72°) . 
the initial decay was nct exponential, and the sem&’-log plot showed 
& pronounced upward curvature in the initial portion, This causes 
the extrapoleted values in this region to be sonsiderably higher 
than the uncorrected values, In fact, the uncorrected peak preasures 
(Fig. 3) do not show a very pronounced maximum, Although the exact 
value of the correction for finite gauge size may not be obtained by 
this extrapolation procedure, there is no doubt that such a correction 
48 required and that it will be largest in the region indiceted, 
where the pressure is deoaying abnormally rapidly with time, 


The peak pressure curve obtained with 50 g, charges is shown 
in Fig, 4, If extrapolation had been possible, presumably the 
level of pressure, perticularly in the Mach region, would have 
been greeter, The maximum pressures occur at larger angles than 
for the 1700 g, charges, as would be expected from the larger 
i SgPASUE predicted for the lower pressure levels obtained from 

ed 


&. cherges,; 

The gauges G-2 and G-4 show a qualitatively different behavior 
from those in the intersection plane, For small angles (X~) 
G-2 and G-4 show two distinct peaks, corresponding to the waves from 
the two charges, G-A and G-B do not show two peaks because the 
waves arrive at the same time, At about a= 72°, G-2 begins to 
show only one peak, indicating that it has come within the Mach 
region, while G-4 does not show single peaks until a = 680,8°. As 
a rough estimate, a linear extrapolation to the interseqtion plane 
can be made, which indicates that the oritical angle for the onset 
of the Mach effect at this pressure (8900 psi) is of the order of 
63°, which is comparable with the theoretical value of 573°, 


The pressures measured outside the plane of intersection were 
the seme as those within for 80.8° end higher, At smaller angles 
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the apnearance of two peaks requires a less direot comparison, 

viz., that of the total pressure which would obtain in the absence 

of the exponential decay of pressure and Af the waves were plane. 

This may be obtained by adding the second increment in pressure to 

the first peak,correcting both pressures to the same distance from 

the charges, From analogy to the reflection case, the pressure so 
obtained is equivalent to the total pressure behind the shock front 
upon reflection of a plane, step shock wave incident upon a rigid wall. 
This pressure, relative to the incident wave (1.e,, to the shock front 
from a single charge), 1s given in Table II, It may be seen that 

even in the absence of Mach interaction (L4 <pxprenp) the pressures 


from the two charges do not simply add acoustically, the ratios being 
greeter than 2. 


The gauges outside the plene of intersection indicate the width 
of the Mach region, Thus the disappearance of the second peak for 
G-2 at 72° and for G4 at 80.8° means that the Mach zone was at 
least 4 inches wide in the former case and over 8 inches wide in the 
Latter, It must be borne in mind, however, that a second peak would 
have escaped observation if it had been less than about 5 microseconds 
behind the first peak, 


The observed effective time oonstants are given in Fig, 2, They 
were obtained from the initial slope of the semi-log plots, The low 
values obtained in the range of oo in which maxiinum pressures ocour 
ere a measure of the abnormally rapid decay in this critical region. 


Momentum Integral, The evaluation of the momentum integral / pat is 
comnliceted by a “out~-off" in most of the pressure-time curves (See 
Fig. 11), This out-off is believed to be dve to the arrival at the 
gauge cf a rarefaction wave produced by the reflection of the shock 

wave from one charge off the gas bubbie of the other, In Table III 

this hyvothesis is applied to the observed cut-orf times in order to 
roughiy estimate bubble radii, The radii were calculated by assuming 
that ell waves traveled with sound velocity, The results are consistent 
with the bubble radii from smaller charges (3ee Section 2). 


Because of this complication, the impulse integral was evaluated 
out to both 218 and 560 microseconds, the former time being the 
shortest cut-off observed, Figs. 5, 7 and 9 show the values 
observed for {pdt within,2" outside, and 4" outside the plane of 
intersection, respectively, See also Table IV, At the shorter 
integration time, the gauges in the plane of intersection show no 
maximum, but instead a steady decline as the charges are brought 
together, “The other gauges show a slight small maximum but this 
is probably due to the smaller contribution of the wave from the 
second charge at smaller angles because of the arbitrary limitation 
of the integration to 218 microseconds, The slight minimum in the 
560 microsecond curves is believed to be due to the early out-off 
when the charges are close together (see Fig, 11). 


Energy Function, The quantity i. J pat 1s plotted in Figs, 6, 8 
and 10, Only the integrations tO 560 microseconds are given since 
those to 218 microseconds give essentially the same general curves, 


It is apparent that this energy function does not pass through any 
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Il, Finite Amplitude Effect as illustrated by the 
ratios (P, + “P2)/P1 | (=D) for double shocks and 
5) a PP single e shocks (¢ is ¢ is the interval 
between suczessive coaks in microseconds). 

Py = Peak preasure at first (incident) shock, 
cvalveted at tine of msasuremont of Pp. 
Po = Pressure increase a% second (refiacted) 
shock. 
P = Peak pressure at single (Mach) shock. 
Pa, = Peak preasure 4 fset from single 1700 g. 
charge. 
In _the plane of 2&8" to the sides of 4" to the side of 
“intersection "fhe intersection “the Intersection 
fage wie R & z 
1.31 (S) 1.33 (S) = 1.29 (S) Se 
1.44 (S) 1.45 (3S) 0 1.43 (S) Q 
1.57 (S) Xoo] (S) 0 1.45 (S) 9 
1.90 (5S) 1.90 (S) Q 1.92 (5) Oo 
1.90 (S) 1.70 (S) 0 1297 (5) 0 
2.66 (3) 2.10 (S) 9 1,94 (D) 12 
2.99 (S) 2.13 (D) 22 2.05 (D) 44 
@ave (5) 2.24 (D) 33 2.50 (D) 58 
2.56 (S) 2.06 {[D) 27 2.21 (D) 45 
2.54 (S) 2.24 (D) 26 2,04 (D) 62 
2.13 (S) 2.14 (D) 26 2002 eGD) oo. CO 
2.08 (S) 2015 (D) 52 2.08 (D) 95 


# Single 3400 .. charge. be inn Ran 
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Table IIIf. Geloulated, fact Measured Timee of Pressure 


Distance between 
ee eee 


Pil EE Caloulated Approximate 
time time ‘bubble radius # 
(t}, miorosec) (tg, microsec) (in. 
One 183 5,8 
74.0 183 
287 408 6,2 
402 542 (say 
622 657 if fasts) 
473 667 
565 783 951 


* Shock front tanner v assumed 0,0607 in, /seo, 
7 B(to-t,)v + 23 


(23 in, * sharge radius. ) 
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- Average extrapolated peak pressures 3 
in the plane of intersection of shock 
waves, produced by two ca. 1700 ge. 
pentolite charges 4 feet from the inter- 
section, as a function of charge separ] 
ation (8 cos < feet). 
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Fig. 2 - The effective time constant (see text) 


obtained under the same conditions as in 
Fig. l. 
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Fig. 3 - Average peak pressures, uncorrected ~ 
by extrapolation, recorded by piezo gauges } 
in the plane of intersection of shock waves 
produced by two 1700 g. pentolite charges 
4 feet from the gauges. 
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Fig. 4 =. ds in Fig. 3, except that the charges 
were 50 g. of tetryl kept 2 feet distant 
from the single gauge used in this series. 
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Intersection of Shock Waves. 
Gauges 4 ft. from two 1700 ¢. pentolite charges separated 
by 4A), 16 ine; (8), 29.5 in., and (C), 45 in. 
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maximum in the plane of intersestion but decreases steadily and 
greatly es the charges are brought together, Outside the plane 

of intersection, on the other hand, the curves show maxima, again 

to be explained on the basis of the late arrival, for the smaller X 'g, 
of the wave from the more distant charge. 


Shielding of One Explosion by Bubble from Another, The gauge at 
-Z recorded the shock wave from the more distant charge as affected 


by the presence of the gas bubble from the nearer charge, The 
observed pressure was found to be 4 to 1/3 the value expected in 
the absence of "screening". Furthermore, the pulse arrived later 
than would have been the case without the screening. 
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Summary. 


The recort discusses an effect, called the multiol2 charge effect, by which an enhanced 
explosive effect is obtained in a certain direction, Trials have proved that a multicle charge 
of welght 3a 1Ds» T.N.T. ofoduces a maximum oressure along a given line equal to that froma 
normal charge of weight 72 lds. 


Theoretical considerations suggest that larger jains in efficiency are oossible. 


Introduction. 


In connection witn the develooment of a weapon emoloying symoatnetic detonation as a 
means of initiating a second charye it was necessary to dJeveloc a means of recording the detonation 
of the secona charge. Small scale trials were carried out in Horsea Lake witn two iz 1D. T.N.T. 
charges, one detonated symoathetically by the other, to find if the double detonaticn is 
distinguishable by vpico-electric yauyes recording on a cathode ray oscillograch and photographed 
by a camera running at aooroximately 100 inches a second. During these trials the effect reported 
was discovered. 


Trials nave been carried out elsewhere in which one 2 oz. Charge Jetonatea electrically, 
operated a oressure switch, which firea a second 2 oz. Charge at 3 ft. distance from the first. 
The time lay between the firing of these two charges was of the ora2r of 2 or 3 milliseconds, 
and were cf no use in relation to tne oresent investigation, Symoatnetic detonation on tne 
other hand can reauce the time lag between the firing of the charges tc the order of 100 
microseconds, and this is tne crder of magnitude of the interval whicn must not be exceeded if 
the phenomena discussed here are to be studied, 


Experimental details. 


Two 1x 1b, T,N.7. Charges, each fitted witha ig oz. C.E, orimer and a detonator in 14 1b,. 
demolition tins were slunj 7 ft. deeo and 6 inches apart, (i.e, there was 6 inches of water 
between the nearest ooints of the charjes - see Plate 1, Figure 1), The live charge was fired 
electrically and the target charge detonated symoatnetically.  iezo-electric jauges were slung 
7 ft. deeo, one on either side of the multicl2= charge in the plane containing the axes of the 
charges. (See Slate 1, Figure 1). The piezo-electric yauge A, on the live charge side showea 
two distinct oressure oulses. Gauge C on the target charje side recordea one oressure pulse 
with a maximum oressure about 60% higher than fer a single charge; 


there was no suggesticn of a 
double kick, 


Three 14 1b. T.N.T. Charges, each fitted with a 1y CZ. C.=, orimer ana a detonator were 
Sluny 7 ft, deec and witn 6 inches water gaos betw2en the charges. The charge at one enc, the 
Vine charges, was fired clectrically, and the two target charges detonated sympathetically. 
Piezoelectric yauge A on the live charge side snowed threc distinct oulses (See late III, 
Figure 5).  Giuy2 C on the target charge side recorded one pressure pulse with a maximum orcssure 
about 80» higher than that of 2 single charge and again there was no indication of multiple kicks. 


A serles of shots with multiole charges composed of 2, 3 and & times 1 1D. T.NeTe Charges, 
and comoarison single charjes were fired alternately. 1m general the aistance between the 
Charjes was 6 inches but for two sncts the distance was 3 inches and for another it was 9 inches, 

The results are given lovpebT 1. Tne maximum oressure, momentum (area under the 
oressurs-time curve) energy (f o“3t) ana i/n, the =xconential time constant (the time taken for 


TNE wove 
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the oressure to fall to i/e of the maximum pressure) are given as oercentages of the values for 


the single charge. The equivalent weignt of the charge is the weight of a normal charge which 
would oroguce the same effcct as the multicle charye, using the laws. 


Maximum oressure = Ky yi/3 
momentum = Ks w2/3 W = weight of charge 
Energy = Ks W 


. 


TABLE 1. Value of maximum pressure, momentum and energy for multiole charge 
of 2, 3 and 4 times 14 lbs. T.N.T. 


No. of Dist. Energy (f o%dt) 
units in be 

Multiole tween 
charge units 


Equiv, Equiv. Equiv. 
weight weight weight 
of of of 
charge charge charge 


ins. 


It is considered oossiple that cnly 3 of these charges detonated. 


Theoretical considcrations. 


The oressure oulse from an exclosive charge consists of a very rapid rise to a maximum 
oressure followed by a more yradua) fall of oressure to zero. 


As a fair aooroximation the pulse 
at distance 0 ft. from W lbs. of T.N.T. may be taken to he 


=nt 
Bie TRI ,»o= Do t=o 
o =o tso | 
4/3 
with —p, KW and & c/w! J 


where p is tne sressure, t the time, W the weignt cf charge, D the distance from the charge to 
tne point in question and kK, ¢ are constants. 


If the charje of weight W is realaced by a Charge of weignt 8 W the oulse becomes 
- t 
P= 2i0%e 2 DF OF 


° o’ 


Tele sees 
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i.e., the maximum pressure is doubled and the time constant of the exponential (1/n in tne 
first case) is also doubled. 


Suapose tne charge of weight W is now replaced by 8 single charges of weight W soaced 
on the circumference of a circle (Plate 1, Figure 3) and the charges are Jetcnated simultaneously. 
At tne point 0, if the oressures are adaitive, the oulse is still exponential with the same time 
constant as for tne single charge (i/n) but with a maximum pressure elyht times that of tne 
singl2 charge. The effect is illustrated in late 1, Figure 4. 


Table 2 gives the maximum oressure, momentum and eneryy in the 3 cases. 


TABLE 2 Maximum pressure, momentum and energy in the pressure pulse at a 
aceon 
point distance D from a multiol2 charge and a ncrmal charge, 


Charge Maximum Moment um Energy 
Pressure 
ec: 2 
Sinyle charye of Ly co/n 04 fan 
Weignt W 
Multiple charge, 8 82, 80,/n 64p92/2n 
separate charges of 
Weight w 
e 2 
Normal charge of 20, up ifn 8D, /2n 
Weight 8W 


The multiple charge has a much enhancsa effect at the coint in question over the normal 
charge of equal weight. The multiole charge effect is equivalent to an interference effect, 
the separate culses reinforcing each other in a certain direction and interfering in the 
geometrically oocosite Jirection. For a normal charge the energy is propagated equally in all 
directions; for a multiole cnarje an excess of the eneryy is directed towards the point in 
question. 


The fiaures of the exoonential time constant 1/n given in Table 1 suggest why the actual 
jain in efficiency is not as great as the theoretical maximum, With absolute coincidence of the 
arrival of the pressure pulses the time constant should be equal to that of the single charge 
(1.e. should = 1003). Generally the exoerimental time constants are of the order of 150% and 
for snots in which the time constant is low the equivalent weight of the multiole charge is 
high, Geje the doudle charye with 9 inches between the units has a freak time constant of 83% and 
an equivalent weight cf 6,7 W as against a mean time constant of 125% and an equivalent weight 
of 4.0 WwW. 


It is of Interest to find tne lag in tne arrival of the pulses from a double charge 


which would give the maximum pressure actually obtained (159%). Taking = = 6900 for the 
W 


14 1D. T.N.T. Charge the lag is 75 microseconds. Similarly for a triole charge in which the 
pulses arrive at time 0,t, 2t the maximum oressure udtained (191%) corresoonds to t = 92 
microseconds. if, however, it is assumed that the time lag of arrival of the first two oulses 
is 75 micros2conas (i.e. the value for a double charge) then the time lag between the arrival 

of pulses two ana three becomes adoroximately 100 microseconds. 


The gracns ®lates IV ana V illustrate how the maximum oressure and equivalent weight of 
charje vary with the time lay between the arrival of tne multiple pulses. Tne multiole charyes 
fircd at Horsea had lags of tne order of 75 to 100 microseconds between kicks. If these lags 
can be cut down say by 50% then a triole charge of actual weignt 3 W would have an equivalent 
weight of over 10 W, i.e. a gain of over 3: 1 as against the 2: 1 obtainea, 


Conclusion. 

The reoort discusses an effect, called the multiole charge effect, by which an enhancea 
exolcesive efficiency is obtained in a certain direction. Trials have orovea that a multiole 
Charge of weight 32 1bs. T.N.T, croduces a maximum creesure along a given line equal to that 


from a normal charge of weignt 74 los, 


Theoretical considerations sujyest that larger gains in efficiency are cossible. 
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APPENDIX 
THE MECHANISM AND TIMING OF THE MULTIPLE PULSE EFFECT 
BY SYMPATHETIC DETONATION 


An attemot is made below tc oescribe now the multiple pulse effect Is obtained by 
symcathetic detanation. 


Assume that the ¢harge X (sce late 1, Figure 1) Jetonates instantaneously. The 
‘rays* of the oressure oulse travel radially outwards from the charje through the water at a 
velocity yrsater than 5,000 ft. 2=r second, and strike the charge Y along the 1ine L M, ana, 
until detonation, travel through that charge with the velocity of souna through T.N.T. (about 
6,000 ft. 2er second — sce Wood, S.S. Recort Nc. 1064). at some time t, after the rays 
arrive at LM the charge Y is detonated symoatnetically. Curing detonation the detonation 
wave travels from the coint of initiation in all directions through the charge at apcroximately 
20,000 ft. over second (the velocity of detonation for T,N.T.)» On reaching the far slae of 
charje Y at (® Q) the pulse then travels through the water with a velocity whieh soon drops to 
aporoximately 5,000 ft. oer second. 


Two culses therefore arrive at gauge C, one from X diffracted round the charge Y, which 
travels through the water at 5,000 ft. cer second (aporoximately) and the other originating from 
Y t seconds after the X culse arrives at L M, which travels to the © Q side of Y¥ at 20,000 ft. 
per second, ang then travels through the water at a velocity soon falling to 5,000 ft. cer second. 


Consider the times of arrival of the two oulses at C. That due to the charge Y nas, 
as comoared with that due to X, a lag t seconds ana gains (1) due to the detonation wave 
travelling at 20,000 ft. ser second through part of the charge Y (as compared with 5,000 ft. 
per second) (2) due to the voint of initiation cf the charge Y not veing at the sage of the 
Charge, along L M, but at some coint in the Interior cf the charge. 


If the 129 t, is equal to the sum of the gains the two culses arrive at ¢ simultaneously. 
As discussed in the recort tne cifference between tne lay t, and the two gains Is of the order 
of 75 microseconds. 


Gauje A recoraed the multicle oulses secarately (see >late 3, Figure 5). The time lag 
between the arrival of the peaks was always slightly more tnan is accounted for by the pulse 
travelling at 5,000 ft. per second from X tc the cage of Y (at LM) and back to the point in 
space which was originally the centre of the charge X. The extra time ts not necessarily the 
time lag t, between the arrival of the pulse at L M ana the sympathetic detonation, because 
the return culse arrives at the Gauge A after travelling through the gas bubble from X and the 
velocity cf the pulse on the return path may drop below 5,0 ft. cer second In passing through 
the gas bubbls, 
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* * * * * * * 


Introduction. 


A previous paper (1) described trials on the Multiple Charge Effect by which an enhanced 
explosive effect is obtained in certain directions. The effect was obtained by means of 
sympathetic detonation. A new method of initlation using cordtex has been developed and is 
found to give a more efficient charge as well as being easier of application to explosive weapons. 


Types of multiple charge used in the trial. 


Experiments were carried out or two essentially different types of multiple charge (see 
Figures 1 and 2). They both consist of two 14 1b. T.N.T. Charges each with a 15 oz. C.E. primer 
and fitted in the 14 1b. demolition charge tin. One of the 14 1b. charges, called the initiator 
charge, is fitted with a detonator No, 21 Mark VII and is fired electrically. The second 14 1b. 
charge called the target charge, has’no detonator and is initiated by means of a length of cordtex 
running from the initiator charge. One end of the cordtex is attached to the outside of the 
initiator charge parallel to the axis of the charge, the other end runs through the primer of the 
target charge which is placed-in the charge in the reverse direction and the end of the cordtex 
is knotted to orevent tn> coratex oulling out of the orimer. 


The sequence of events in the detonation of the multiple charge is as follows:— 
(4) The detonator of the initiator charge is fired electricaNy. 


(2) From the detonator, the detonation wave travels through the primer and the 
T.N.T. to the cordtex strapped on the outside of the initiator charge. 


(3) The detonation wave travels through the cordtex to the end which passes 
through the primer of the target charge. 


(4) The primer and the T.N.T. of the target charge are detonated, 


The target charye is detcnated by tne firing of the initiator charge but after a time lag 
determined by the time for the Jetonation wave to travel from the detonator of the initiator 
charge to the orimer of the target charge. This time lag can be varled by varying the length 
of cordtex. 


In Multiole Charje tyoes 1A and 18 the two iz 1b. charges are fixed by small pieces 
sf wood with axes vertical and with a 6 inch water seoaration between them (Figure 1). It is 
known from the trials reaorted in (1) that sympathetic detonation dogs not occur with a water 
secaration of 3 inches or more. 6 inch water s20aration was cnosen for tyoe 1 as a comcromise 
between the minimum oossible secaration (which may b= 1 inch or less) ano a large seoaration 
2eje 1 ft.) wnich is best for cxoerimental reasons since 2xcerimental errors in the 
measurement of distances and angles are ther2by rendered less imoortant. Although sympathetic 
detonation occurs at 2 inch separation and less a multiole charge with a seoaration less than 
the symeathetic detonation range may still be initiated by cordtex if the time for the detonation 
wave to travel through the cordtex is less than the time for symoatnetic detonation to occur. 


Multiole Charges tyoe 14 and 18 differ only in the lenytn of cordtex used. Tyoe 1A has 
40 Inches of cordtex from the bung of one charge tc the bung of the other charge, ie. there is 
40 Inches cf coratex completely surrounded by water. This corresponds to a distance which the 
detonation wave has to travel of 47 incnes of caratex and 14 incnes of orimer and T.N.T. 


Ty02 1B seeee 
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Type 18 has 12 inches of cordtex from the bung of one charge to the bung of tne other charge, 
corresponding to a distance which the detonation wave has to travel of 19 inches of cordtex and 
14 inches of primer and T.N.T. 


In Multiple Charge type 2 (see Figure 2) the two 14 lbs T.N.T. Charges are fixed by 
small cieces of wood with axes horizontal, with the orimer end of tne two charges oointing In 
the same direction and the crimer eno of the target charge nearer to the initiator charge. 
There Is 6 inches of water between the two charges and 6 inches of cordtex between tne bung of 
the target charge and the ena of tne initiator charge, corresponding to a aistance which the 
detonatlon wave has to travel of 5 inches of charye and 10 inches of cordtex, 


Multiple Charge type 1A is more efficient tnan Multiole Charges type 18 and 2. Trials 
were carried out on the latter two charges to clear up points of interest which arose. The 
charge type 1a is found to have a high efficiency within a cone of 50 degrees semi-vertical 
angle about the 0 degree direction as axis (throughout the reoort the 0 degree direction is the 
horizontal line from the centre of the initiator charge to the centre of the target charge and 
all directtons quoted are directions in the horizontal plane through the 0 deyree direction). 
within the cone the pressure oulses from the two constituent charges combine to form a Mach Wave. 
Charge type 1B was investljated because it was already known that the Mach wave from such a 
charge extended to the 9@ deyree direction at least. Theoretical consiaerations suggest that 
where the constituent charges detonate simultanecusly the Mach wave angle is centred about the 
90 degree direction, Multlole Charge type 2 was chosen as being one in which the detonat ions 
were nearly simultaneous, it being impossible to cut down the length of cordtex in the Tyoe 1 
Charges below 12 Inches without introducing right angle bends. 


Since the distance between the centre of gravity of the constituent charges in Type 1 is 
84 Inches as Compared with 15 Inches in Type 2? no comparison between ‘vertical" and ‘horizontal’ 
charges is possible. 


Experimental details. 


Preliminary trial. 


AS a preliminary trial the length of cordtex in Multiole Charge Type 1 was varied and 
the efficiency with each length of coratex measured by four piezo-electric pressure gauges. 
The gauges, with axes vertical and one side facing the cnarje were slung at the same depth as 
the charge, 7 ft. in Horsea Lake as follows (see Figure 3):- 


(1) Pear Gauge (crystal area 2 sides x & inches diameter) 15 ft. from the 
charge in the direction 0 degrees, 


(2) A thira size strio gauge (crystal area 2 sidas x 5 inches x 14 inches) 
30 ft. from the charye in the direction 30 deyrees. 


(3) A full size strio gauge (crystal area 2 sides x 18 inches x 14 inches) 
55 ft. from the charge in the direction 45 deyress. 


(4) A full size strip gauge 37 ft. from the charge in the direction 90 degrees. 


The gauye was placed at 90 degrees to give an aooroximate value for the time interval 
between the detonation of the initiator and target charges, the argument being that since the 
gauge is equidistant from the two charges the culses ‘from the initiator and target charges would 
travel to tne gauge in equal times and hence the time between the arrivals of the two oulses at 
the gauge is tne time lag between the detonations themselves. This argument is only 
approximately true because tne orcssure pulse from the target charge may travel in cart through 
water which Is already at a hign cressure due to the initiator charges Again the measurements 
snow that when the target charye detonates a small but finite time (e.3. 2 microsecmds) after 
the initiator charge the 90 degree yauge records not two but cne oulse only which on the above 
argument implies that the two charyes detonate simultaneously whereas in fact simultaneous 
detonation is not possible. This metnco of time interval measurement fails in such 
circumstances due to the formation of a Mach wave. 


The results of the oreliminary trial are given in Table 1 ana In Figures 6 ano 7, 
A normal 24 1b. T.N.T. Charge consisting cf two 14 1b. T.N.T. Charges strapped together was 
fired at regular intervals and Tapl< 1 gives the maximum oressure and momentum of the Multiple 
Charge 1 with lengths of cordtex varying from 8 inches to 50 inches given as percentages of the 


MAXIMUM seeee 
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maximum pressure and momentum for the standard charye. 


Measurement of the efficiency of multiple charges Types 1A, 1B and 2. 


Four clezo electric yauges were slunj 7 ft, deec in Horsea Lake in two directions from 
the charge making 15 degrees with each other and with cne gauge at 15 ft. and one at 25 ft, in 
each direction, The yauyes were keot fixed and the charges which were also slung 7 ft, deep, 
were rotated about a vertical axis relative to the yauges so that the oressure oulse was 
measured for all three tyoes of Multiple Charge at all angles from 9 dejrees to 180 degrees in 
steps of 15 deyrees. 


The measurements were receated with the two yauye directions at 30 degrees with each 
other ana with the gauges 37 ft. and 50 ft. from the charge, The charges were rotated relative 
to the gauye directions so that the oressure pulse was measured for all three tyoes of charge 
at all angles from 0 degrezs tc 180 deyrees In steos of 30 dejrees. 


A normal 24 1b. T.N.T. Charge consisting of two 1g 1b. T.N.T. charges straoced toyetner 
was fired at regular intervals and the result for tne three tyoes of Multicle Charye given in 
Tables 2, 3 and 4 are exoressed as oercentajes of tne results for this standard charge, 


Results. 


The oreliminary trial results show that in the 0 degree direction the most efficient 
Multiple Charge Type 1 (two 14 1b. T.N.T. Charges, axes vertical, 6 inches water separation) 
has a length of cordtex of 40 inches. This is the reason why Multiole Charge 1A was chosen 
with 40 inches of coratex. 


Th2 explosive efficiency measurements of Multiple Charges Tyces 1A, 18 and 2 have been 
olottea in polar co-ordinate form in Figures 8 to 16. In tne maximum oressure graohs Figures 8, 
11, 14 the value of the maximum cressure on the four iso-lines drawn is the value of the maximum 
pressure 15, 25, 37 and 50 ft. fromthe standard 2% 1b. T.N.T. Cnarje. In the momentum grapns 
Figures 9, 12, 15 the value of the momentum on the four iso-lines drawn is tne value of the 
momentum at 15, 25, 37 and 50 ft. from the standard 24 1b. T.N.T. Charge. In the energy graohs 
Figures 10, 13, 16 the value of the energy on tn2 four iso-lines drawn is the value of the energy 
at 15, 25, 37 ana 50 ft. from th® standard 2% 1b. T.N.T. Charge. |t has been assumed that for 
the Multiole Charges the maximum pressure and momentum obey the inverse distance law and the 
energy obeys the inverse distance squared law. The maximum oressure momentum and energy from 
the normal 2¢ 1b.T.N.T. charge have been obtained from the following empirical laws:— 


wif) 1.14 ; 
20,400 rapa lbs. oer square inch. 


Maximum cressure 


w1/3) 0.842 v3 
Momentuin = 1.30 Tear xW lbs. seccnds oer square Inch. 
= 4 (WW 
Energy = 2.79 x 10 (3) ft. lbs, oer square ft. 


Figure 17 gives the maximum oressure, momentum and energy 15 ft. from tne mMultiole Charge 
Type 1A exoressed as a ratio of the maximum pressure momentum and energy 15 ft. from the normal 
24 1b. TsN.T. Charge. 


Mach wave effects. 


Colonel Libessart of M.0.H.S, and MacDougall of the U.S.A. and others have obtained 
photographs showing that when the culse from a charge strikes a boundary geometrical reflection 
breaks down when the oressure in the oulse is sufficiently high and tne reflection near to grazing 
incidence; the ooint of junction of the direct and reflectea oulses leaves the boundary and a 
Mach shock wave is form2a between the Intersection ano the Doundary, i.e. some ooints near tne 
Doundary are traversed not by two distinct oulses, the direct ano reflected Dulses, Dut by one 
only, the Mach wave, & Similar effect has also been observed when two Charges detonate 
simultaneously; some oolnts near the right bisector of the two Charges are traversed by one wave 
only, the Mach wave. 


In the elementary accustic theory when two oulses meet at an angle they 


i a y S cass through the 
coint of intersection and continue In their original direction each unaffect 


20 by tne other. 


Von NEUMANN «eeee 
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Von Neumann (Bureau of Ordnance Explosives Researcn Reoort No, 12: Oblique Reflection of Shocks) 
has shown theoretically that when two shock waves meet at an angle then if the intensities of 
the waves are large ana the angle oetween their two directions sufficiently small the two waves 
merge intc one, known as tne wacn wave (see Figure 5). 


Figures 18 and 19 are pressure oulse records at angles from 180 Jegrees to 0 deyrses and 
at distances of 37 ft. and 50 ft. from the Multiole Charge Tyoe 1a, As the angle cf measurement 
decreases from 180 degrees the time interval between the two distinct oulses recorded decreases 
from 300 microseconds to about 5 microseconds at 60 degrees. At angles of lees than 6C degrees 
the two pulses merge into one. 


Consiger figure 4 in which A and B reoresent the Initiator ano target charges respectively. 
Charge A is fired electrically at time 0 and as noted previously charge 3 detonates after the time 
the detonation wave requires to travel through 14 inches of C.£. primer ano T.N.T. Charge and 
through 47 inches of cordtex. The time interval between the detonation of charyes A and B as 
measured by the gauge at 90 degrees Is soproximately 90 microseconds. The oressure oulses from 
A and B initiated at times 0 and 90 microseconds respectively travel in all directions with the 
velocity of propagation of the cressure culse in water, For the gauge in the 180 degree 
direction the oulse from A leads the oulse from 6 by 90 microseconds clus the time for the 8 oulse 
to travel BA (incluging the extra time the B pulse requires tc traverse or diffract round the gas 
pupble of A). For the gauges at 150 degrees the pulse from A leads by 90 microseconds plus the 
time for the B oulse to travel the extra distance 48 cos 30°, For the gauges at 60 degrees tne 
oulse from A leads by 90 micrasecond@ minus the time for the A culse to travel the extra distance 
AB cos 60. For the gauges at 0 degrees the oulse from A leads by 90 microseconds minus the time 
for the A oulse to travel the extra distance AB. 


The reasoning in the preceding carajraoh explains why, for Multiole Charge Type 1A, the 
time Interval between the two distinct culses recordea decreases as the angle of measurement 
decreases from 180 degrees to 60 deyrees. At Jess than 60 degrees the two oulses merye into a 
Mach wave. 


For Multiple Charge Tyoe 18 the Mach Zone extends from 0 degrees to 100 degrees. For 
Multiole Charge Tyoe 2 the Mach zone extends from 60 degrees to 95 Jejzrees accroximately. 
Table 5 analyses the results from a Mach wave standpoint. 


Figure 5 illustrates tne formation of the Mach wave zone for the Multiple Charge Tyoe 2, 


Charge B detonates aocroximately 30 microseconds after charge A. Consider the hyoerbola, 
foci A and B, whos2 difference in focal distances °A minus 78 is equivalent to 30 microseconds. 
This hyperbola is the locus of intersection of the oulses from A ana 8. Lat P, be the ooint of 
intersection nearest tc the charges. If the angle a8 is sufficiently small for the intensity 
of the Intersecting cressure pulses a Macn wave will be formed. if a? ,8 is too large the two 
oulses will continue in tneir original directions undisturbed, It may be for some other ooint 
on the hyoerbola, that corresconding to tne intensity of the constituent pulses at that ooint, 
the angle A2B is smal] enougn for a Mach wave to be formed.  Sucoose Po is the ooint at which 
the mach wave is formed and et, and °.M, are positions cf the wave fronts from the charges A 
and B resoectively. at a later time the wave front from charge A is at Ql,» the wave front 
from charge B is at ROM and the Mach wave front is Ri Q5s The pesition of the three wave fronts 
at an even later time are Iet3» RAM, and R303 respectively and the Mach zone is the area bounded 
by the lines PRR, — and 740205 —_. 

When the time interval between the detonation of the charyes is zero the hyoerbola of 
intersection becomes the straight line in the 90 deyrees direction and the Macn zone is formed 
symmetrically about that line. When the time interval between the detonation of the charges is 
equivalent to the time for the oressure oulse to travel from A to B then the hyoerbcla of 
intersection becomes the straight line in the 0 degrees direction ana the Mach zone is formed 
Symmetrically about tnat line. The equations of the asymptotes to the hyperbola of intersection 
are 


where th xX axis is the 0 aegree direction 
the y axis is the 90 degree direction 


2b 


uv 


effective distance between the charges 


28 


distance lag of the two oulses. For 
esos 
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For Multiple Charges Tyoes 1A and 18 the distance between the centres of the two charges Is 

a inches, i.e. b= 44 Inches, For Multiole Charge Tyoe 2 the distance between the centre of the 
charges Is 18 Inches, i.e. b= 9 inches. These values are only very aporoximate since *the 
effective distance" between the charges may be the distance between the centre of gravity of the 

two charges or it may be the water seoaration between the charges or some alstance between the two, 
Any estimations of the distance aj of the two oulses, I.e, the distance travelled to the ooint of 
intersection by the oulse from the initiator charge above that travelled by the target charge Is 
even more aporoximate involving as it does a knowledge of the time lag between the detonatlons of 
the. two charges and the velocity of the two pressure pulses. An estimate has been made as follows. 
The velocity of the detonation wave through cordtex is about four times the velocity of the oressure 
pulse when the two velecities settle down to their steady value, I.e at some distance from the 
initlating chargee As a rough estimation therefore the distance lag 26 Is taken to be one quarter 
of the distance the detonation wave has tc travel through CyE+, TeNeT. and cordtex, i.e. D* 6, 

24 and 2 Inches for Multiple Charge Tyoes 1A, 18 and 2 respectively. The corresponding directions 
of the asymptotes are 0, 50 and 75 dejrees respectively, |,e. the Mach zones for the Charges should 
be centred about these directions, resoectively. These calculated values agree with the 
experimental results. 


For Multiol2 Cnarge Tyoe 1A the mach zone is centred about the 0 deyrees direction and 
extends 50 degrees in any vlane from that direction. The intensity of the culse in this Mach wave 
cone Is higher than the intensity in the other directions and is greater than that of a normal 
24 1b. charge. Figures 8, 9 ano 10 show tnat within the Mach zone the Intensity is almost constant 
with a slight increase In tne 0 degree direction. 


For Multiple Charge Type 18 the Mach zone Is centred about the 50 deyree direction and 
extends §0 degrees In any plane from that direction. Since the charge is symmetrical about 
0 degrees there Is a Mach zone at -50 degrees which also extends 50 degrees in any plane from that 
direction. Therefore the two Mach zones at the charge merge into a cone of semivertical angle 
100 degrees centred about the 0 degrees direction. Figures 11, 12 and 13 show that within the 
Mach zone the Intensity shows maximum value in directions about 50 to 60 deyrees, i.e. In the 
direction about which the M.ch zone is centred. Hence the oreceding theory gives an explanation 
of the greater efficiency at 50-to 60 degrees in Figures 11, 12 ano 13, 


For Multiole Charge Tyoe 2 the Mach zone is centred about tne 75 degrees direction and 
extends 25 degrees in any clane from that direction. Since the charge is symmetrical abcut 
0 degrees there Is a Mach zone from —50 degrees to -100 deyrees, The intensity of the charge is 
higher in the Mach zone than in any other direction and is greater tham that from a normal 2% 1b. 
charge. Figures 14, 15 and 16 show that within the Mach zone the intensity is not constant but 
has a maximum value in the 75 degrees direction, Whilst for the previous two Multiple Charges 
1A and 1B the angular soread of the Mach zone is the same at all distances measured from 15 ft, 
to 50 ft, the results for this charge give a Mach zone at 60 degrees for 37 and 50 ft. distance 
but a normal zone in the same direction at i5 and 25 ft. This may be due to exoerimental error 
In orienting the charge relative to the trot. These orlentations are considered only accurate to 
t 5 degrees, 


A.M. Shanes of U.S.A., as reported creviously, found tnat for two intersecting underwater 
pressure culses with ocak oressures 8900 D.S.i, at the polnt of interséction the critical angle 
between the two oulse directions for the onset of the Mach effect is 54 degrees, |e. If tne two 
oulses intersect at less than 54 degrees they forma MaCh Wavee The angle of Intersection of the 
two oulses for multiple Charge Tyoe 2 is less than 54 degrees forall ooints on the hyperbola of 
intersection i ft. and mote from tne ooint midway between tne two charges, at tft. the oeak 
pressure is much greater than 8900 o.s.i. Therefore the Mach wave extends back to within 1 ft. 
and nearer of the charge. The same reasoning aoolles to a Multiple Charge Tydes 1A and 18. Thus 
for all oractical ourooses the Mach zones can be said to extend back to the charge Itself. 


To summarise: Multiole Charges Tyoes 1A, 18 and 2 form Mach wave zones within volumes which 
are, to a first degree cf aooroximation at least, cones with semi-vertical angles 50, 100 ana 25 
degrees respectively, the vertex of the cone belng at the charge. Within the Mach zone the 
intensity of the oressure oulse Is greater than in other directions and Is greater than that from 
a normal charge with equal weight of T.N.T. For Multiole Charge Tyoe 2 the Intensity within the 
Mach zone varies aporeciably and is greater in the Mirectlion of the axis of the Mach zone cone, 
For Multiole Charge Type 1A the Mach zone has a greater volume and whilst the variation of intensity 
within the Zone is not so great tne intensity is still much greater than that outside the Mach zone, 
For Multiple Cnarje Type 1B the Mach zone is of even yreater volume extending over more than a 
hemisphere, the variation of intensity within the zcne is again smal) and the Intensity wittin the 
zone is not much greater than that outside the zone. 


Summary .evoe 
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Summary of results. 


For Multiole Cnarge Tyoe 1A, at 15 ft. distance, the Mach zone extends 50 degrees either 
sige of the 0 degree direction and the maximum pressure, momentum and energy in this zone are 
140%, 158% and 212% resoectively of the corresconding values at the same distance froma normal 
charge with equal weight of exolosive. The 2¢ 1b, Multiole Charge 1A thus oroduces at 15 ft, a 
maximum pressure, momentum and energy equal to those from normal charges of weights 7 1bs., 5 1bs. 
ana 5.25 IDs. rescectively, i.e. this Multiole Charge has the explosive efficiency of a normal 
Charge containing at least double its own weight of explosive. 


For Multicle Charge Tyoe 18, at 15 ft. distance, the Mach zone extends 100 degrees sither 
side of the 0 dejree direction. The charge has highest explosive efficiency in the directions 
between 60 and 80 degrees where the maximum oressure, momentum and energy are 140%, 135% and 1353 
resoectively of the corresoonding values at the same distance from a normal charge with equal 
weight of explosive, ise. Multiole Charge Tyoe 18 oroduces at 15 ft. In the directions between 
60 and 80 degrees a maximum oressure momentum and energy equal to those from normal charges of 
weights 7 Ibs., 4 lbs. and 3.5 Ibs. resoectively. 


For Multiole Charge Tyce 2, at 15 ft. distance, the Mach zone extends from about 50 to 
100 aegrees. The Charge has highest exolosive efficiency at about 75 degrees where the maximum 
oressure, momentum and energy are 165%, 155% and 195% resoectively of the corresponding values at 
the same distance from a normal charge with equal weight of 2xplosive, i.e. Mu)tiple Charge Typ2 2 
produces at 15 ft. in the 75 degree direction a maximum pressure, momentum and energy equal to 
those from normal charges of weights 11 los., 5 Ibs. and 5 lbs, resoectively. 


Conclusions. 

A further trial has been carried out on the Multiole Charge Effect using a new method of 
initiating the charge by means of cordtex. °ressure measurements have been made at four different 
distances ana in various directions ffom three tyoes of Multiple Charge each consisting of two 
141d. TN.T. demolition charges. A 2k 1D. T.N.T. Multiole Charge gives within a cone of 
50 degrees semi-vertical angle a maximum oressure, momentum and energy equal to that from normal 
charges of weight 7 Ibs., 5 Ibs. and 5.25 lbs. respectively. 

The effect is found to be closely connected with the Mach wave effect, 


Reference. 
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TABLE 1. Multiple Charge 1. Effect of varying 
; the length of Cordtex. 
Two 14 1b, T.N.T. Charges axes vertical, 6 inches water 


separation. Results exoressed as cercentage of results 
for normal 24 1b. T.N.T. Charge. 


Length of Time Intgrval PRESSURE PULSE MEASUREMENTS 


Coratex between deton— Gauge at 0° Gauge at 30° Gauge at 45° 
(bung to ations of A and 


bung) ins. B as measured 
by 90° gauge 


Max imum Max imum Momentum | Maximum 
Pressure °ressure °ressure 


TABLE 2. The pressure field round Multiple Charge 14. 


Two 14 1D. T,N.T. Charges, axes vertical, 6 inches water 
seoaration 40 inches cordtex, 


Results exoressea as cercentayjes of results for normal 
% 1b. T.N.T. Cnarge. 


AT 15 ft. aT 25 ft. AT 37 ft. AT 50 ft, 


Angle Max. Mom= =n Max. Mome En- Max. Mom En= Max. = MOM En 
degrees °ress. entum ergy cress, entum ergy ress. entum ergy Press. 2ntum ergy 


i4u 212 
176 196 
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TABLE 3. The pressure field round Multiple Charge 1B, 


Two 14 1b. T.N.T. Charges, axes vertical, 6 inches water 
seoaration, 12 inches cordtex. 


Results exoressed as percentages cf results for normal 
2 1b, T.N.T. Charge. 


AT 45 ft. | AT 25 ft. | AT 37 ft. 


Angle Max. Morne En Max. = Mom c Max. MOM = Efe 
degrees | "ress. entum erjy °ress.. entum °ress. entum ergy 


. 


TABLE 4. The pressure field round Multiple Charge 2. 


Two 1 1b. T.N.T. Cnarges axes norizontal 6 inches water 
separaticn 6 incnes coratex, 


Results exoressed as oercentages of results for normal 
24 1b. T.N,T. Charge. 


AT 25 ft. AT 3 


7 ft. 
Angle Max. Mom Max. Mom = Ene Max. Mom En- 
deurees Press. entum Press. entum ergy Press. entum ergy 


86 


99 


AT 50 ft. 


Max. 
Press. 


Max. 
°ress, 


mMom- En 
entum ergy 


aT 50 ft. 


Mom 
entum 


En- 
ergy 


1229 
= 9 = 


TABLE 5. Formation of Mach waves from the three 
types of Multiple Charge. 


'M' indicates tnat a Mach wave was recorded. 
'N' indicates that a normal double oulse was recorded. 
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ABSTRACT 
When a shock collides with a structure, the resulting 
damage depends upon the duration of the blow as well as upon 
the initial pressure due to it. In spite of this commonly 
appreciated fact no theoretical attempt (going beyond acoustic 
theory) has been made to find the complete pressure-time curve 
at a reflecting surface xcept in one calculation by Chandrasekhar. 
He treated the case of normal reflection from a rigid surface 
in air and obtained his results by a numerical method.-. In 
the present report, too, normal reflection from a rigid 
surface is considered, but the numerical method is replaced 
by an analytical one and the work is extended to pressure- 
ime curves in other gases and in water. Now the pressure-=- 
time curve at a wall can be roughly described by three characteris- 
tics, namely: (1) its peak pressure, (2) its curvature, and (3) 
its duration. It is well-known that in all media the initial 
overpressure caused by normal reflection at a rigid wall ex- 
ceeds the acoustic value (which is double the overpressure in 
the incident pulse). In this report it is found that the 
correct theoretical pressure-time curves at the wall are, in 
typical fluids, concave upward more strongly than their acoustic 
approximations. With respect to the third of the above prop- 
erties, however, gases and water are here found to behave 
differently. In gases the blow is prolonged and the impulse 
delivered to a rigid wall exceeds the value predicted by 
acoustic theory. In water, on the other hand, the blow is 


shorter and the impulse is less than one would expect from 


-[= 
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the acoustic approximation. For shocks of 1500 atmospheres 

in water, duration and impulse are respectively 1% and 8% 
less than the predictions of acoustic theory. In air for 
shocks of corresponding strength, namely 0.5 atmosphere 
overpressure, duration'‘and impulse are respectively 10% and 
4h greater than their acoustic approximations. Results of this 
report may be applied to current damage theories to estimate 
errors introduced by the use of the acoustic approximation . 
These errors may be very large if the target is close to the 
charge (e.g., contact mine, torpedo, depth charge, or a near= 
miss bomb), although they may be negligible if the target is 


attacked by a distant charse, such as one in an influence mine. 
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PRINCIPAL NOTATION 


velocity of sound in undisturbed fluid 


velocity of sound in disturbed fluid 


i ¥+i 
CaN a 


l-e 

subscript referring to incident shock 

constant in equation of adiabatic = effective pressure 
at unit density 

overpressure 

effective pressure = p + 

maximum value of p in incident shock 

defined in equations (22.8 - 22.10) for i=0, l, 2 
subscript referring to reflected shock 

velocity of shock wave 

time 

material velocity 

specific volume 


distance of an arbitrary point from the wall 


maximum material velocity 

shock discontinuity in x,t - plane (Fig. 8 
impulse in shock 

length of shock pulse 


region of x,t-plane between D and x-axis (Fig. 8 


-Ve 


M region of x,t-plane between D and t-axis (Fig. 8 
Riemann function oy cot UW 
2 - 
wore 


P 
Q Riemann function 
S shock 

T tail of pulse 


WwW wall 


o,f defined in equations 
¥ adiabatic constant 

% ratio of the greater 

on the two sides of 

A average slope of a Q 


‘"Wroconstant in equation 


(22.3 and 22.4) 


to the lesser'effective" pressure 
a shock discontinuity 
characteristic in M 


of state s 1 atmosphere for gases, 


3 x 10° atmospheres for water 


\g density 


=Vile 


I. 


1253 

GENERAL DESCRIPTION OF PROBLEM AND RESULTS 

i. When a finite shock-wave in a fluid is reflected 
from a solid body, the pressure on the body at first rises 
nearly instantaneously and then decays to its initial value 
when the reflection is completed. In theoretical studies 
of reflection attention has been directed mainly toward the 
initial increase in pressure. No attempt has yet been made 
to determine the subsequent decrease in pressure when the 
incident wave falls obliquely on the reflecting surface. 
When, however, the incident wave is reflected normally, the 
situation is much simpler. In this case Chandrasekhar 1) 
has worked out the complete pressure-time curve for air by a 
numerical method based on Riemann's treatment of motions ef 
finite amplitude. The purpose of this report is to extend 
his work to other fluids, particularly water. In so doing it 
has been found possible to replace his numerical method by 
an analytical one. 

2. Let a laterally infinite, rigid wall be struck 
by a normally incident, plane shock. (An exactly equivalent 
hydrodynamical situation is presented by the head-on 
collision of two equal shocks, and so results obtained 
here ere applicable to such a collision.) Since the wave 
incident on the wall is plane, it is able to propagate 
in only two directions - forward and backward. In order 


to describe this wave completeiy it 1s necessary to 


= 1 -« 
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specify the pressure, material velocity, and entropy 
distribution in it. The customary experimental descrip- 
tion of a shock in terms of pressure alone is therefore 
incomplete. In this report it is assumed that the 
entropy is constant on both sides of the shock front, 
and that it is continuous across this front. Three 
particular kinds of incident pulses are considered here. 
At the instant the wall is first struck, they may be 
described as follows: 
(a) Both the pressure and the velocity fall 
off linearly behind the shock; 
(b) they both fall off exponentially; 
(c) the velocity falls off linearly and the 
shape of the pressure pulse is determined 
by the condition that the wave is pro- 
gressive, i.e., by the condition that the 
incident disturbance propagates only toward 
the wall, rather than both toward it and 
away from it. (It will be shown in par. 16 
how the progressive assumption fixes the 
pressure.) 


Some remarks will now be made about these assumptions. 


3. Although a continuous wave of finite amplitude 
can propagate without increase of length, the same is no 
longer true as soon as it has evolved into a shock (See 


for example, reference 2). After it has become a shock, 
2 
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reflection of the continuous portion of the pulse from 
“the discontinuity begins; as a result the disturbance 
propagates backward, as well as forward, and the peak 
pressure steadily decreases. This phenomenon is called 
"decay" of the shock-wave. Hence the progressive assump- 
tion (c) can not be rigorously satisfied by a shock any 
time after it is formed. It is, however, a good approxi- 
mation; in fact, shocks of the tyre (a) and (b), of the 
strengths considered here (pressure-ratio across shock 
S1.6) are very nearly progressive. Further, one may 
verify that a shock of type (c) has a pressure distri- 
bution which is nearly linear. That is, the difference 
between types (a) and (c) is insignificant for shocks of 
the strengths considered here. It way also be remarked 
that the descriptions (a), (b), and (c) apply to the in- 
cident shock only at the moment the wall is first struck. 
Before and after this time (a) is not linear, (b) 1s not 
exponential, and (c) is not progressive, again because 

of decay. 

4. The general course of a reflection may be 
described qualitatively. When a normally incident wave 
strikes a rigid wall, the overpressure on the wall is at 
first increased to more than twice the peak overpressure 
previously existing in the wave. (In the limiting case 
of a weak shock the overpressure is exactly doubled.) 
After the instant of impact the head of the wave reverses 


direction and begins to travel toward its tail (fig. 1.) 


i} 
ui 
1 


Iga eae Just after impact the 
TAIL ,T overpressure in the region, 
aia fae M,between the shock front,S, 
i Mo and the wall,W, is nearly 


2p, where p is the peak 


HEAD, S 


overpressure before colli- 
rN 
i M 
\ 


Tiiaiea aaa WALL ,W overpressure is slightly less 


—— 6 Indicates Velocity 
of Material and it decreases to zero at 


sion; in the region,M,, the 


than p just in front of S 


the tail, T. Wow when S 
reverses direction the medium in front of it changes 
from M to M,. Therefore, as soon as S has reversed direction’ 
the pressure has increased immediately in front of it and 
behind it by about the same amount (p). At the same time 
the medium Mj, now in front of S, is still travelling 
toward the wall. The net result, in the examples considered 
in this report, is that the velocity of S relative to the 
wall is subsonic in air and supersonic in water (where 
"Sonic" refers to undisturbed fluid). Now as soon as S 
has been reversed by the wall, the total disturbance 
may be regarded as an approximate superposition of two 
waves of finite amplitude. One of these moves toward 
the wall and is bounded by T and W. The other moves 
away from the wall and is bounded by W and 3S. These two 


waves penetrate each other until T reaches the wall and 
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thereby marks the end of the reflection. During this 
interpenetration S is moving away from the wall with 
one speed, and T is moving toward it with another speed, 
namely, a, the speed of sound in undisturbed fluid. 

When S and T meet,the original pulse is very much com= 
pressed. Since both head, 5, and tail, T, travel at 
nearly sonic velocity, a, the pulse has about half its 
initial thickness when they meet. At this instant the 
entire region of disturbance is contained in M, and the 
fluid here is at high and nearly uniform pressure. After 
passing through S, the tail of the incident wave travels 
relative to M with the new velocity, c, that of sound in 
Me Its velocity with respect to the wall is c-u, where 
u is the material velocity in M away from the wall. The 
velocity c-u may be either greater than or less than a. 
In our examples c-u <a in air; c-u > a in water. When 
T reaches the wall, the pressure at the wall has fallsn 
to its value before the impact, the incident pulse has 
reversed its direction, and the reflection is finished. 
5. Let L be the initial length of the pulse. Then 
the time from the start of reflection until head and 
tail meet is nearly L/2a, since the velocity of both is 
nearly sonic for shocks of the strength donsidérea here. 
The time for the tail to reach the wall after it has 
passed through tke head is approximately L/2(c-u), where 


c-u is the average velocity of the tail in M. 


5s Beco 
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Hence the total time required for the reflection, or the 
duration of the pressure on the wall, is approximately 
L/2a + L/2 (c-u). On the other hand, the duration of the 
pulse in free fluid is L/a. Hence, if c-u <a, as in air, 
the pressure on the wall lasts for a longer time than the 
pressure in the incident pulse. Moreover the reflected 
pulse is in this case longer than the incident one. In 
water, where c-u > a, opposite remarks are true. (The 
difference between the behavior of air and water may be 
conveniently referred to the difference of material 
velocity, u, in the two fluids; in air u is large and in 
water it is small.) The result is that in air the dura- 
tion of the pressure on a wall and the impulse given to 
the wall are both greater than the acoustic approximation 
would indicate, and in water they are doth less than the 
predictions of acoustic theory. These qualitative con- 
siderations are corroborated by the detailed calculations, 
the results of which are given in par, 9 and 10. 

6. One other general remark may be made. Since the 
velocity of the shock S with respect to Mo is greater 
than its velocity with respect to the wall, the wall may be 
regarded as a piston which helps te sustain the shock. 
For this reason and because the total time of reflection 
is short, the assumption that decey during reflection is 
negligible may be a good approximation. The importance of 
this point will be seen in par, 2l. 

7. To compare different fluids it is convenient to 


= 6e— 
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neglect entropy changes. It is then possible to write 
for certain fluids the following common equation of speea’ 

p ve =k (Vel 

Here p=p +r. p is an effective pressure, p is the 
overpressure, and WT is a constant, characteristic of the 
fluid (for example, in perfect gases 1 = 1 atmosphere 
and in water, Tr=3 x 10° atmospheres) ; v is the 
specific volume; y is also characteristic of the fluid 
(for gases it is the adiabatic constant, lying between 1 
and 5/3, and for water it is approximately 7.1 5), k 
is another constant characteristic of the fluid. The 
constants appearing in (7.1) are actually functions of 
the entropy. Here it is assumed that the entropy is 
@ constant on both sides of the shock front and that it 
is continuous across this front. It will be shown ieter 
(par.9) that this anproximation is adequate for the problem 
at hand. Hence (7.1) is assumed to hold everywhere in 
this report. 

8. In this report two methods are used. One method 1) 
is numerical; it is described in part III. The other 
method is analytical; it is described in part II. The 
numerical method allows the entropy to change across the 
shock front, but nowhere else. Except for this approexi- 
mation it is completely rigorous. In the analytical 


méthod, on the other hand, there are several approximations 


which are discussed in part II. These approximations are 
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apparently satisfactory, however, because agreement bexween 

the methods is good, as one can see in the next paragraph. 
9. In fig. 2 = 4 five examples 4) of a pressure= 

time curve are given. These curves show the pressure at the 

wall during reflection. The three linear cases were 

worked out by both the numerical and the analytical 

methods. The two exponential cases, however, were computed 

by the numerical method only. The exponential cases 

were calculated because the experimental pressure-time 

curves are more nearly exponential than straight. The 

underwater shocks were chosen of the strengths indicated, 

because their strengths probably bound the range of most 

interest. A shock of 300 atmospheres is of about the 

violente ordinarily measured by underwater gauges. On the 

other hand, it would be difficult to realize the reflection 

of a shock of strength exceeding 2000 atmospheres from a 

rigid surface, because no surface would remain rigic under 

such a blow for long. (The elastic limit of mild steel is 

not more than 2000 atmospheres.) Calculations like the 

ones in this report for shocks of greater strengths than 

2000 atmospheres can be interpreted, however, as relating 

to collisions of equal and opposite shocks, rather than 

to impacts between a single shock and a rigid surface. 

The curves in fig. 2-4 are described in the following 

table. 


== 
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TABLE I 
Medium Incident Pulse Pressure-Time Curve at Wall Fig. 


Shape Peak Pressure Impulse / Acoustic Impulse 
“Catm) 3% Numerical Analytical 


Water Linear 300 LeLO 0.98 0.98 2 
( Y=7.15) 
' Linear 1800 1.60 0.92 0.92 Za 
Expon. 300 aL Al{e) 0.97 a 3, 
Expone 1800 ak ~60 0.90 haa fore ona 3a 
Air Linear 1.50 1.50 1.04 1.04 4 
( y¥=1.40) 


Here : is the ratio of the greater to the lesser effective 
pressure on the two sides of the incident shock. In this 
table "impulse" means the time-integral of the overpressure 
at the wall. In computation of impulse the duration of an 
exponential pulse was arbitrarily taken to *. the time re- 
quired to fall to an overpressure of three atmospheres. The 
impulse is normalized by dividing it by the “acoustic impulse", 
AO GR, (2 Jr: dt, where Ps is the value the overpressure would 
have at the position of the wall, if the wall were absent 

and all parts of the incident wave moved forward with the 
velocity of sound in undisturbed fluid. In fig. 2, 2a, and 
4, the points obtained by the numerical method are circled, 
and the curve calculated by the analytical method is drawn 
in. The agreement is seen to be good. Fig. 4 provides a 
test not only of the analytical method, but also of the 
adiabatic assumption mentioned in par. 7, inasmuch as the 


circled points in this fig. were calculated by Chandrasekhar 
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under the Rankine-Hugoniot rather than the adiabatic assump- 
tion. In each of these figures is also drawn (as a dashed 
curve) the acoustic approximation, 2 Pye When the acoustic 
approximationsare straight, the correct pressure-time curves 
are seen to be concave upward, and in the exponential cases 
the correct pressure-time curves are more concave than the 
acoustic ones. | 

10. Probably the most interesting feature of the 
curves in fig. 2 - 4 is the difference in behavior shown by 
air and water. In terms of the y defined in (7.1) the in- 
fluence of the fluid is shown in fig. 5. Here the impulse 
given to the wall is plotted as a function of y for three 
values of the strength, L§ » of the incident shock. In fig. 
5 the incident pulse is always of type (c), that is, it is 
progressive and its velocity decreases linearly behind the 
shock front. As remarked before, the pressure in this case 
is also approximately linear. The impulse in fig. 5 is 
normalized as in fig. 2 - 4. In this graph all gases lie 
between Y= 1 and Y= 5/3. The limiting value Y = 1 may 
be interpreted as relating either to an isothermal reflection 
or to reflection in a gas whose polyatomic molecules have in- 
finitely many inner degrees of freedom; ¥ = 5/3 describes a 
monatomic gas. The curves show that in gases and water the 
impulse given to a rigid wall is respectively more and less 
than acoustic theory predicts. The esssntial reason for this 


was indicated in par.5, namely, in gases the tail of the in- 
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cident wave travels slowly after passing through the head 
of the reflected wave on its way to the wall. Consequently 
the reflection is prolonged and the impulse is increased. 
il. The momentum in the reflected pulse is easily 
found from such pressure-time curves as are shown in fig. 
2 - 4. The equation of momentum transfer for one-dimensional 


flow is (fig. 6) 


where the subscripts refer 

watt oe to two planes perpendicular 
to the motion and separated 
by the distance Xo ~ Xz 
P Pu, P Patt, Delt. and » are pressure, 

velocity, and density. Choose 
the plane x, at the rigid 
wall and the plane xp in un- 
x, a Xz disturbed fluid. Then 


Fig. 6 (11.1) becomes 
- 9.) 2 
Py St x] f u dx, 


and after integration one has 


t Xo t 
\ p, dt = J f vax (11.2 
fo) xy G 
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Let t be the time required for the reflection. Let I, 


and I, be the impulses of the incident and reflected 


shocks. It follows from (11.2) that 


tr, a ode (ries 
h ae -[° U, dx 
where — ‘ 
i op Pango 
2 
I, 4 fr Up aXe 


II. THE ANALYTICAL SOLUTION 


12. Consider a plane shock, S, impinging on a rigid 


Fige 7 wall, W, at normal incidence 
M, uso (fig. 7). Let the plane of the 
——_ S wall be x = O, and let the 
t M u>0 x-axis be directed toward the 
x 


ToT oncoming shock. Let the posi- 


tion of any element of the fluid 
be x = x (t%), where t is the 
x Fig. 8 time measured from the moment 
D -at which S strikes W. The 
situation is represented in the 


X, te-plane shown in fig. 8. Here 


Mo 
x D is the world line of the shock 
(x, 0) ¥e x(t) 
Xo» front after the time t = 0. The 
a t world line of a typical element, 


initially at x,, is shown with. a 


S412 


1265 
discontinuity in velocity where it crosses D. M, and 


M are the regions between D and the x-axis and t-axis 
respectively. 
13. The problem may be stated in this way. The 
following conditions are given: 
(A) Boundary conditions on axes and on D. 

(1. Distribution of pressure, p, and 
velocity, uy, on x-axis. This is the 
distribution of pressure and velocity 
behind the shock front when it strikes 
the wall. 

(2. u = O on t-axis, since the wall is 
rigid. 

(3. The shock equations across the dis- 
continuity, D, 

(a conservation of mass. 
(b conservation of momentum 
(c conservation of entropy (an 
approximation) 
(B Equations to be satisfied in M, and in M 

(1. conservation of mass. 

(2. conservation of momentum 

(3. conservation of entropy (an approximation) 

We wish to find the pressure, p, and velocity, u, as functions 
of x and t in both regions, M, and M. In addition, we shall 


find the equation of the curve D, which separates them. 


Se 
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14. The conditions B may be expressed by the 
following equations: 


eS oe + 3f a (14.1 


Se apa y thea eootiiate 


p= kept (14.3 
where p = density. Equations (14.1) and (14.2) are the 
conservation equations for mass and momentum, respectively. 
(14.3) may be regarded as an empirical equation of state, 
which is correct for adiabatic processes. It is assumed 
that motion is entirely adiabatic so that (14.3) is true 
in both M and M, and that k is the same in both regiona. 
By Riemann's method the equations (14.1) - (14.3) are 


rewritten. 


ale 
ay 
it 


- (c + u) $i, (14.4 


- (c = u) a (14.5 


where P and Q are the Riemann functions, which are defined 


* 


in this report as 


sce c+u (1406 
Q = 2 
y y-2 c-u (14.7 
‘= 
where c at = velocity of sound. (14.8 


The conditions B are now contained in the equations (14.4) 


Say ber 
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and (14.5) in the form to be used here. 


15. On the other hand, the conditions A-3 are equi- 


valent to the following equations: 


P- Po the (15.1 
s = Up +; Vo (2 Pol i 
1/2 
Wi= Uy [(p - Po) (vy - v)] / (15.2 
Payee Oy a (15.3 


where s is the shock velocity (s = slope of D) and y is 

the specific volume. The variables in these equations are, 
of course, to be evaluated on D. Variables with and without 
subscript refer to the regions My and M respectively of 

the x,t-plane. The first two equations, (15.1) and (15.2), 
again express the conservation of mass and of momentum, 
respectively. The third equation supposes no entropy change 
in crossing D. It is convenient to rewrite (15.1) and 
(15.2) with the aid of (15.3) and (14.8) in terms of these 


five variables: c, u, Cos Up, and Se 
2 1/2 
= -1 
s =u, +—2 (crt Kilmer (15.4 


\¥ c - 4 
1 ue Yui 


f=) 
i 


2 5 ie 
u. + 2xOuil [fue yr a =\72G) ¢ y-T 
ie) VY cs ) ) " Ge ) ) 
a (15.5 


The equations (15.4) and (15.5) may be simplified if the 


a Ws 
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shock is not too strong. They become respectively, to 


the first order in c/c, -l, 
S=u,+ec + eo, (15.6 


Q=2 (15.7 


where the following abbreviations have been introduced, 


1 
=5 - = 1 i 


Q 
I 


Te) 


(The first higher order term neglected in (15-7) is quite 


small. In fact one finds 


Po 
for a shock moving into undisturbed fluid. Here p, Q 


2 oe -_ 
@=% _ _ dr" ty-1) (p= Fo)® « .., 
Qo 192 y ° 
represent quantities on the high pressure side of the 
discontinuity. For a shock in which p/p, = 1.6 one has, 


as far as third order terms, 


Eario Menisocod. inate 
Qo 
Q-a 
& =-0,0012, in water. 
Qo 


It was pointed out a reierence (5) that Q is nearly con- 
stant across a shock front in air, even without neglect 

of the entropy change.) The procedure in this report has 
been to use the equations (15.4) and (15.5) in the numsrical 


integration and to use (15.6) and (15.7) in the analytical 


oie ¢ 
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integration. As already seen (cf. par. 9) the two methods 
lead to nearly the same results. 

16. Only the condition A-1 remains to be formulated. 
As stated above (cf. par. 2), three types of incident pulse 
are considered in this report. Incident pulses of type (a) 
and (b) were treated numerically and the results were 
given in Table I, par. 9. We now consider an incident 
shock of type (c), in which the velocity pulse is linear, 
and the pressure distribution is determined by the condi- 
tion that the wave is progressive. From equations (14.4) 
and (14.5) the progressive condition follows. For according 
to these equations, P and Q travel in opposite directions 
with the velocities c + u and c = u respectively. The condi- 
tion, therefore, for a progressive wave is that either P 
or Q be constant; and in this case, it must be P, since 
the pulse is travelling in the direction of - @0. Ths 
boundary conditions A-1l on the velocity, Uy (x,t), and on 


the Riemann function, B (x,t), are then 


u, (x,0) =- B+Ax, KEB/A (16.1 
uy (x,0) = 0 > X>B/A ,B>0 
Bai( mg) c= a a. (16.2 


Here B is the peak velocity and B/A is the length of the 
incident pulse. The velocity, a, is the value of c in un- 
disturbed fluid (p =™). Equation (16.2), together with 
(14.3) and (14.8), determines the pressure as the following 


- 17 - 
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function of the velocity. 


2z 
Pp -w[h a at ria (16.3 


As already remarked in par. 5, the pressure pulse computed 
from (16.3) and (16.1) is very nearly linear for shocks, 
whose pAr &1.6. From this it follows that the kind of 
pulse considered here, type (c), is essentially equivalent 


to a pulse of type (a). 


i7. It is convenient to choose units of length and 
time so that a = 1 and so that the initial length of the 
incident pulse is also wnity. Then the boundary conditions 


(16.1) and (16.2) become 


u, (x,0) = = B+ Bx, x¢l (17.1 
u, (x,0) = 0 P Xa 

loos 
Eo ei0)= Yu (17.2 


18. One could specify the initial pressure-distribution 
instead of the initial velocity-distribution, as has been 
done here. In fact, this would be desirable, since gauges 
are usually interpreted to give pressures rather than 
velocities. The reason for adopting the opposite procedure 
here is that it is analytically more convenient to regard 
the velocity as given. Since, however, the experimental 


data generally concern pressure, it is necessary to have 


ae se 
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a way of determing the maximum velocity, B,from the given 


peak pressure. This can be done by means of the following 


formula, which follows from (15.2) 


1 
B=ae- [S-na-3 Siig Spader Ge am 


where t= P41 

Pin= effective peak pressure in incident pulse. 
It may be noted that equation (16.3) provides a relation 
between p, and B which is not consistent with (18.1). Equa- 
tion (18.1) is for a shock, whereas (16.3) is the progressive 
condition; as mentioned before (par. 3) they are not compatible, 
and decay must always be expected. The procedure followed 
here is this: t is regarded oa given. From (18.1) B is found. 
From (17.1) u is found. (17.1) and (17.2) then completely de- 
termine the wave. De is the given effective peak pressure. Let Pm, 
be the approximate effective peak pressure computed from (16.3). 
The difference (D, - P,,) Pn 4s shown in Table 2; it is seen 


to bé unimportant. 


TABLE 2 
leu: 0.0005 0.0002 
1.0 0.0020 0.0008 


19. The differential equations (14.4) and (14.5) can 
at once be solved in M, subject to the boundary conditions 


(17.1) and (17.2) if the approximation is introduced that the 


- 19 « 
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disturbance in Mo remains progressive. One may verify that 
the error so introduced is negligible by comparing the analytic 
solution so obtained with the result of the Riemann type 

of numerical integration. Therefore, let the disturbance 


everywhere in M, be progressive so that 
a 
P (x,t) = “¥-I (19.1 


Then by (19.1), (19.2), (14.5), (14.6), and (14.7) it follows 
that 


aa _ 
24 - O34 (19.3 
The solution of (19.3) is 
Ot+x=w(4) (19.4 
where w is.a function to be determined by the boundary condi- 


tions. When these conditions are (17.1) and (17.2), then 


-Bx +B + 5 
a=——_t—,, rc1-t (19.5 
Bey a 
=) i}! 9 Pe 


The discontinuity in the derivatives of A along the line 
x+t=1 (see fig. 9) has its origin in the discontinuity 
at the tail of the initial pulse (equation (17.1)). ‘The 
straight line EF is the world line of the tail of the incident 
shock? and F represents its intersection with the head of 


= 90) = 
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the reflected shock. 
Here we are interested 
only in the part OEF of the 
region Mp; and so only the 
first representation of 
4 in (19.5) will be carried. 
The quantities ug,Cce, and Q, 


are now readily found. 


saliva soi) temp! 
Cult = 
ih dale’, x <1-t (19.6 
B 2 
pores it Yai ztt-1 x<l-t (19.7 
yr Een 
B 2 
Sas es eS Gl ek 
Q, = 2 [v= picer i F a | x<€l-t (19.8 


With these expressions the problem is solved in Moe 

20. The situation in the region M is more difficult; 
for although the boundary conditions on D are known, the 
position of D is unknown. In the approximate form which is 
adequate here the shock equations are (15.6) and (15.7). 
These two equations contain five variables: u,, co, u, c, and s. 


Now u, and c, have been found in (19.6) and (19.7). There is 


Mer 
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still one more condition needed to fix u, c, and s. The 
additional condition is easily available only at the wall, 
where u vanishes. Elsewhere the approximation is made that 


the line D is a characteristic of P, ieee, 


Piatt) .t) = (0,0) (20.1 
where x=g6 (t) (20.2 


is the equation of D. The required additional condition 
is (20.1); its accuracy will be discussed in the next para- 
graph. 
ele The best arguments for the condition (20.1) are 
that the decay of P along D, computed by the rigorous numeri- 
cal method, is small and that the pressure=time curve, obtained 
on the basis of (20.1), agrees very closely with the corre- 
sponding curve computed according to the numerical method (as 
shown in par. 9.). In fig. 10 the characteristics of P are 
actually steeper than D. In this figure two such characteristics 
x Fig. 10 are shown. That these lines 
D must be steeper than D may 
be shown as follows. By 


p cvaracreristics (25-6) 


S =u, +ec + 6,0, < uy +c, 


t 


since ¢,< ¢, because c is on the high pressure side of D. 
Since us O, andu>d> O, 


s<c ac oF ue 
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But s is the slope of D and c + u is the slope of a P- 
characteristic. Hence D is intersected by successive values 
of P. Since these values decrease, the result is that P de- 
cays at the shock front. Since any shock will decay if not 
supported from behind, the physical meaning of the approxi- 
mation (20.1) is that this decay is negligible during the 
period of reflection. Aside from its numerical success, this 
assumption has in its favor two facts which make it plausible: 
first, the time of reflection is short; and second, since the 
shock travels faster with respect to My than with respect 
to the wall, the wall behaves as a sustaining piston behind 
the shock. 

22. The equations (15.6), (15.7), (19.6), (19.7), and 
(20.1) lead to a differential equation for the shock fronte 


This equation is 


2syth;, 
B 2 
where f=4 +5 (Sy -5) 
At S22 
2 
j=2+8 (y+1)* 


The solution of this differential equation is 


3- 


= =r 5+ Hy] [ 1-(1+%5 active + 


. 2 
+ 7 F +z (44) ] t (22.1 


eRe 
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(22.1) is the equation of D from 0 to F in fig. 9. It is 
more convenient and numerical comparison with the complete 
equation shows that it is little less accurate to use only 


the first two terms of the expansion of (22.1) in powers 


of te 
x= Ot+ Bt, (22.2 
whe re a = ee B+l (22.3 


e=-550 [a B 4 25| (22.4 


The equation (22.2) fixes the boundary D. The boundary condi- 


tions on it are 


P(x,t) = P (0,0) (22.5 
Q(x,t) = Q,(x,t) (22.6 
Q, is given by (19.8) and (22.2). If the value of @, so 


obtained is put in (22.6), one gets 


Q(x,t) = 4, + at + aner, (22.7 
where aC 2 (toy + B) (22.8 
qy =-4p(2% 2 But 3) (22.9 


do = BY (3y -1) (2H =8 B+1) (22.10 


In (22.7) higher order terms in t were again dropped (the 


error was found to be small in this case, too). One also has 


P(x,t) = P(0,0) = Q (0,0) = i (22600 
The boundary conditions are most convenient in the forms 


(22.7 nd (22.11). 
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23-. The boundary D, and the boundary conditions on it 


having been fixed, one can solve the equations (14.4) and (14.5) 


x Fig. 11 in M. Here numerical integra- 
Me D tion shows that it 1s accurate 
M 


enough to assume that the 


characteristics of Q are 


CHARACTERISTIC 
Or . 
are Q straight. Now the actual. slope 
t of a Q characteristic is c = u. 
ss Let the assumed constant slope 


be -A, which is defined as follows: 
2A = (cou), + (c-u)) (23.1 


where the points a and b are shown in fig. 11. One then finds 
(emu), = ep = Aa, - Ka a,, , 

and by (22.11) (c-u), = a2 Ie Ya, = X=2a, + haa oe 

Hence A= a Gan wel Qa (23.2 


Then the equation of a characteristic passing through (0, ty) 


is 
x =A (t, - t), (23.3 


where A is given by the preceding equation (23.2). 

24. One may now find Qy as a function of tye To do this 
it is convenient to regard te as the independent variable. The 
relationship between Q, and t, is then given by sue parametric 


equations: 


Q® = 45 + ate + dota” (24.1 
A (t,) 


according to (22.7) and (23.3), where, 
25 
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abe =X ta + 6 te” 


A (tg) =H a, + Se a (ta), 


according to (22.2) and (23.2),respectively. The time t, 
is a retarded value of the time ty, since ty - te is the 
time required for a given value of Q to propagate itself 
.- from the shock front to the wall. If the shock and Q both 
travelled with the velocity of sound (unity), then one would 
have exactly tg = 0.5 ty. This relation is nearly satisfied 
in any case. 

256 Our aim is to calculate p(0,t;) from tp. For this 
purpose it is sufficient to find Q (O,tp)s because at the wall, 


where u = O, 


ce = LQ, (2561 


and from c the pressure follows according to the equation 


2 
p=We sa 


as one may calculate from (14.3) and (14.8). It is con- 


(25.2 


venient to combine (25.1) and (25.2) 


2 
B= wilt a] yu (25.3 


Since Q (0,t,) is known from the preceding paragraph, this 
equation completes the determination of p(0,tp) as a function 
of the The problem will be earried no further here, but it 

is possible to determine all quantities of interest in the 
complete region, M, by similar methods. 


aie In this paragraph all formulas necessary for the 
calculation of the pressure-time curve on the wall are 


= Be & 
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gathered together, The incident shock is specified by 


its pressure-ratio, if » The maximum material velocity, B, 
is first found if y 
I os 1 Fe 
Bevcee LS ijt) of Ciena 
¥ 


The following constants are functions of B and y 


ae Bay + B) (22.8 
q, =-4B(20-* 3 + 1) (22,9 
= - 7 (8¥Y -llgy (22.10 
ao = 2h? pel (22.3 
B= 5 =u [ sx-8 BY + 2B] (22.4 


These constants determine the auxiliary functions: 


2 


x(t.) = At, + @tg (22.2 
Q(tg) = Ao ar ait, + dota” (22.7 
Alta) = Hes ag “pst Q (ty) (22.3 


In terms of these functions the parametric equations of the 


pressure-time curve at the wall are 


. ) 
= x a 
toast > te (242 


2 
re Q (eg) (25.3 


Pp 
The duration of the pressure on the wall is determined by 
putting Q = ey in (22.7), and then using (24.2), 


Says 
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III. THE NUMERICAL SOLUTION 


27. The numerical method, as applied to this problem, 
is described in reference (1). Briefly, the method is 
as follows: If the initial distributionsof pressure and 
of velocity are given, then the initial values of P and @ 
can be found from equations (14.6), (14.7), (14.3), and 
(14.8). If P and Q are known at any time t, they can be 
found at the later time t + A&t since P moves with the 
velocity c + u, and Q moves with the velocity c - u, 
according to (14.4) and (14.5). These new values may be 
found by a simple deformation of the P,x and Q,x curves. 
This process is carried out in both regions, Hi and Moe 
On the M, side of the shock P, and Q, are always known. 
On the M side, however, Q travels away from the shock, and 
so a gap in the Q distribution develops after each deforma- 
tion. Since Py, Q,,and P are known, by means of the shock 
equations one can fill the gap, and determine the shock 
velocity at each step. Similarly at the wall a gap appears 


in the P curve, and this has to be filled by the retation 


; (wall) = & (wall) 


5 28 0 


Ze 


Se 


Se 
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ABSTRACT 


The best utilization of the pressure and momentum 
produced by an explosion need not be for head-on impact of 
the shock=wave. Theory predicts that the pressure produced by 
oblique impact may exceed that obtained by head-on impact of 
the same shock. The theoretical investigations have been 
summarized by J. von Neumann in ERR No. 12 on "Oblique Reflection 
of Shocks." 

The present report deals primarily with the reflection of 
plane shock-waves in water-like substances. It is shown that 
in the case of water the pressure for any oblique, "regular" 
reflection of a given shock is greater than that for head-on 
reflection. A complete set of graphs for quantities involved 
in regular reflection is furnished for Y the adiabatic ex- 
ponent, equal to 7.15 for water and 2.00 (also certain ones 
for ee 1.40 —for comparison with the RankineHugoniot values). 
For convenience there are included essential formulae and tables 
of various functions used in the discussion of the propagation 
of plane shock=waves in water-like substances with y= 7.15 and 
2.00. 

To complete the theoretical discussion the one-dimensional 
interaction of shock=-waves and rarefaction-waves has been con- 
sidered, as well as the so-called "simple" theory of three-shock 
intersections. The latter may be of value in the interpretation 
of the Mach phenomenon, which occurs when regular reflection 
ceases. Graphs of the parameters needed to specify three=-shock 
configurations in water are accordingly given. In this 


-=j- 
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connection the essential differences between water-like 
substances and ideal gases are noteworthy. 

The experimental evidence is still fragmentary, but for 
water it shows definitely the existence of the expected 
higher-than-head-on pressures for oblique, regular reflection 
and of the Mach effect. There is included a brief survey 
of the experimental work done to date at Oxford, England; 
at the David Taylor Model Basin, Carderock; at the Explosives 
Research Laboratory, Bruceton; and at the Underwater Explosives 


Research Laboratory, Woods Hole. 
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INTERACTION OF SHOCK-WAUES 
“IN WATER-LIKE SUBSTANCES — 


one PLANE SHOCK=-WAVES IN WATER-LIKE SUBSTANCES 


1) oP 


It is desired to determine the interaction 
shock-waves colliding in a water-like substance. The followe- 
ing theoretical discussion will be restricted to constant, 
plane shocks in liquids of negligible viscosity and thermal 
conductivity; it can also be applied, however, in the 
neighborhood of the line of contact for shock=-waves that are 


not too curved. For convenience the usual development of 


the equations for a plane shock will be repeated here. 


Fig. 1 
_a_ De 
a a G. 
? sw “Po , Vo wis ff 2% 
V U-V U 
aod 
—————> 


The plane shock-wave I (cf. fig. la) is moving 
with constant velocity in a liquid that is initially at rest. 
Let the state of the undisturbed liquid be specified by its 


pressure py, and its specific volune “vy The state of the 


(oy 
liquid behind the shock-front will, in turn, be determined 

by its pressure p and its specific volume*v. Let V designate 
* dens EY [apy Ba 


2 


Sz 
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the resulting veiocity of the liquid. It is convenient to 
consider the flow of the liquid relstive te the shock-front 
{ef. fige lb). By the conservation of mass we have 

sg d= 2 (0-V) 
The conservation of momentum states that 


pep..=—-. .U.V 


en tins 


Eliminating V from these two equations we obtain for the 


velocity of the shock relative to the medium in front of it. 


z 


The substitution of this value for U in the second of the 


two original equation then gives 


V = \/ (p=p9) (vo=v) (2 


Thus the velocity of the shock relative to the medium behind 


U-v = v,/ P7Po (2a 
Y) VorV 


Finally, the conservation of energy requires that 


it is given by 


E-E, = % (P+Pg) (Vo-v) (3 
where E is the intrinsic energy per unit mass of the liquid 
behind the shock and Ep, is the intrinsic energy per unit 
mass of that in front. 

pamminta > quatdon of state, which is sometimes 
used for liquids at high pressures, is 


a4 - 
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(p+ 7r)(v-b) = KT 
where T is the absolute temperature and 77, b, K are all 


constants. In this case we find that 


where Cy, the average specific heat at constant volume, is 


given by T 
To. dT 


Using the equation of state to eliminate the temperature 


from equation (4) we obtain 


E-E, = — [ (e+ m1 )(v-b) = (pot 7 (vorb)} +: 


+ 11 (v-vo) 


The substitution of this expression in equation (3) gives 


(2ey Po +7 
v-b ig K +. a) ar a +45] 


Wom a 
Ley aa 1) + Po+ 77 
K p +77 
Put _ Pott = Po 
. Sper 8 
_ veb 
and n =¥5-b 
and y i+ 
Cy 


Then the so-called Rankine-Hugoniot dynamic adiabatic is 


given by 
SoS (3° 
| ie + Ve 
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In terms of the variable 5 equation (1) can be written 


a al 
M= U-Vo = | (¥+l)¥ + (¥ -21) (19 
ie 2 
where Coz ¥(Po+ 7) Yo 
Vo-b 


Likewise from equation (2a) we obtain 


ge UN. fOr’ + yn (2a! 
c 


where c 


fl 


p+ 77) ve 
Ve 


The functions fy and c represent the speed of sound in front 
of the shock and behind it, respectively. It is to be noved 
that the equations (1'), (2a'), and (3') are identical with 
those for an ideal gas having the same value of Xy e 

If the change in entropy across the shock-front 


is small, the pressure-volume relation is expressed approxi- 


mately by the static adiabatic, viz., 


n° $F ie 


In this instance equations (1) and (2a) become respectively: 


= +1 
M a == rae on (1" 
© ¥(¢ ¥ -1) 
nd Cc iic\ igs tint (2a" 
a 5 Fae a 


For values of 5 slightly less than unity equations (3') 


and (3") both reduce to 
dik yh (om 
yx 


- 6 = 
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Likewise equations (1') and (1") become 


~ 1 os uw! 
M ee: qu us (ay 


and equations (2a') and (2a") give 


o~l sere (1+ §) (2a"! 
Thus for weak shocks Cra) a water=-like substance character- 
ized by the adiabatic equation behaves apparently like an 
ideal gas that would have the same value of the adiabatic 
exponent y 125). (We shall note later that this conclusion 

is not generally valid.) The adjective weak connotes here 
that p 7 (and hence pj» {7 , too). 

We are particularly interested in water. Here the 
parameters take on the following average values 4) in the 
domain of physical interest: 77 = 5,000 atomospheres, b = O, 
and os 7.15. In fig. 2 there is shown a comparison of the 
static adiabatic for these water constants with the rigorous 
Rankine=-Hugoniot curves computed by various individuals 4,5), 
For the purposes of the present discussion it will be adequate 
to use the simple adiabatic as an approximation. It is con= 


venient to introduce two more expressions which are functions 


of the pressure-ratio F and which become for b = 0 


20 te sells 
iceae ge | IVa i 


where 7 represents the velocity of the shock relative to the 
medium in front of it ( T differs from M in the sound- 


velocity that is taken for reference), and 


Sg) Ss 
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where V signifies the change in the material velocity across 
the shock-front (the sign of -U corresponds to that of (1-€ )). 
It is to be noted that 


T=T-V 
and fer 


In addition, it is of theoretical interest to consider 


the so-called hydraulic jump 6) 


in the case of water flowing 
in an open, shallow channel. This phenomenon is somewhat 
analogous to the propagation of a plane shock-wave in water. 
The height h of the incompressible water corresponds to 
the density of a compressible fluid; the "sound velocity" is 
equal to yeh - Hence there is an analogous "adiabatic 


equation", viz., 
17/2 


apn 
Thus y has effectively the value 2, which can be immediately 
substituted in the above equations. 

Table 1 7) gives F as a function of M for y = 2.00 
and 7.15 (in this case p/P, also). 

The same formulae hold for normalization n with respect 
to either region provided that iF is defined as D/P, In either 
case y is the density-ratio os » O is the snock-velocity 
relative to the fluid in the normalized region, 7 is the 
shock-velocity relative to the region not normalized, vis 
the increase in material velocity across the shock relative 


Seite 
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TABLE 1 (cont.) 


¥ = 2.00 
0.9054 


0.9011 
8988 
8965 
08945 
28920 


(e) 


«8898 
8875 
28853 
- 8830 
8808 


{o) 


8786 
8569 
28360 
28159 
7964 


(oe) 


07776 
07595 


TABLE 1 (cont. ) 


M = 2.00 x= Wels = Weld 
1.29 0.5164 0.4304 39726 
1.30 0.5064 0.4202 4143. 
1.4 24205 03343 5976. 
1.5 23545 e717 8043. 
1.6 23028 22248 10350. 
nee’ e2615 21888 12900. 
1.8 22280 «1605 15690. 
1.9 22005 21380 18740. 
2.0 062°777 0.1199 22040. 
ra 21585 21050 25590. 
258 21423 20926 29400. 
a5 21284 20823 33460. 
204 21164 20736 37790. 
2.5 0.1060 0.0661 42390. 
2.6 20970 20597 47250. 
a7 0890 20542 52380. 
2.8 20820 20494 57770. 
2.9 20758 20452 63440. 
3.0 0.0703 0.0415 69390. 
Sol 20653 20382 75600. 
302 20609 0353 82090. 
PS) 20569 20327 88860. 
364 20532 20303 95910. 
3.5 0.0499 0.0282 103200. 
306 0469 20264 110900. 
Edt 50442 0246 118700. 
3.8 20417 20231 126900. 
3.9 20394 0217 135400. 
4,0 0.0373 0.0204 144100. 


to the normalized region (same sign as ( i; -1)), and e/e 
the velocity of sound in the region not normalized. Tables 
2a, b give these quantities for yY = 7.15 (cf. fig. 3a,b) and 
2.00, respectively. 


Ses 
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Oa 


0.4338 
24859 
25222 
eS5il 


0.5756 
20971 
6165 
6541 
6505 


0.6657 
6801 
26957 
-' 7066 
27189 


0.7506 
7402 
27529 
©7654 
©7736 


0.7854 
27950 
8023 
8114 
8202 


0.8288 
08572 
28455 
28535 
8614 


0.86923 
8767 
8842 
8915 
8986 


0.9057 
9126 
29195 
9262 
9328 


0.93593 


oOo 
e 

© 
(2) 
iv) 
© 


TABLE 2a (cont.) 


& = 7.15 
or aan 
0.9393 0.9691 
9458 9724 
9521 09756 
29584 9788 
9645 9819 
0.9706 0.9851 
9767 9881 
29826 9911 
9885 9941 
099435 9971 
1.0000 1.0000 
1.028 1.014 
1.054 1.028 
1.079 1.040 
1.103 1.052 
1.126 1.064 
1,148 1,075 
1.170 1.086 
1.191 1.097 
1.211 1.107 
1.230 1.117 
1.249 1.126 
1.268 1.135 
1.286 1.144 
1.503 1.153 
1.521 1.162 
1.357 1.170 
1.554 1.178 
1.3570 1.186 
1.586 1.194 
1.401 1.202 
1.417 1.209 
1.432 1.217 
1.446 1.224 
1.461 1.231 
1.475 1.238 
2489 1.245 
1.503 1.251 
1.516 1.258 
1.530 1.265 


1301 


o/2n 


0.9085 
9182 
9278 
93572 
9465 


0.9557 
29648 
09737 
9826 
09913 


1.0000 
1.042 
1.082 
1.119 
1.156 


1.191 
1.224 
1.256 
1.288 
1.518 


1.3547 
1.576 
1.404 
1.431 
1.457 


1.483 
1.508 
1.553 
1.557 
1.581 


1.604 
1.627 
1.649 
1.671 
1.693 


1.714 
1.735 
1.755 
1.776 
1.796 
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TABLE 2a (cont.) 


= 7,15 

o~ eee [a 
1.530 1.265 
1.543 at al 
1.556 1.277 
1.569 1.284 
1.581 1.290 
1.594 1.296 
1.606 1.302 
1.619 1.307 
1.631 1.313 
1.643 1.319 
1.654 12325 
1.666 1.550 
1.678 1.536 
1.689 1.341 
1.700 1.347 
We Es 1.552 
1.722 1.657 
1.735 1.562 
1.744 1.3567 
UA days) 1.572 
1.766 1.577 
1.776 1.082 
Ee787 1.3587 
1.797 1.592 
1.807 1.397 
1-817 1.402 
1.827 1.407 
1.837 1.411 
1.847 1.416 
ilalistey/ 1.420 
1.867 1.425 
aL atetyst 1.430 
1.886 1.434 
1.896 1.438 
1.905 1.443 
1.915 1.447 
1.924 1.452 
1.933 1.456 
1.942 1.460 
1.952 1.464 
1,961 1.468 


TABLE 2a (cont.) 


=" 
eR OTe: tee 
1.961 1.468 
1.970 1.473 
1.979 1.477 
1.987 1.481 
1.996 1.485 
2.005 1.489 
2.014 1.493 
2.022 1.497 
2.031 1.501 
2.040 1.505 
2.048 12509 
2.056 1.512 
2.065 1.516 
2.073 1.520 
2.081 1.524 
2.090 1.528 
2.098 1.531 
2.106 1.535 
2.114 1.539 
2.122 1.542 
2.130 1.546 
2.138 1.549 
TABLE 2b 
= 2.00 
ome WE 

0.0000 oo 

-2841 2.009 

.3464 1.732 

.3905 1.594 

24259 1.506 
0.4562 1.443 

.4829 1.394 

~50'70 1.355 

.5292 1.323 

05497 1.296 


Sl 
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1304 


TABLE 2b (cont.) 


0.5497 


0.5689 
25870 
6041 
6204 
6361 


0.6510 
26695 
06794 
6928 
7058 


6.7185 
27508 
07427 
07544 
7658 


0.7769 
7878 
7984 
-8088 
28190 


0.8290 
28589 
8485 
28580 
8674 


0.8765 
28856 
08945 
-9033 
9119 


0.9204 
29289 
©9572 
09453 


09554 


0.9614 
9693 
9771 
9848 
29925 


00 


1.296 


1.272 
1.251 
1.235 
1.217 
1.202 


1.189 
1.176 
1.165 
1.155 
1.145 


1.156 
1.128 
1.120 
1.112 
1.1C5 


1,099 
1.092 
1.086 
1.081 
1.075 


1.070 
1.065 
1.061 
1.056 
1.052 


1.048 
1.043 
1.040 
1.036 
1.033 


1.029 
1.026 
1.023 
1.019 


1.016 


1.013 
1.011 
1.008 
1.005 
1.003 


eae Gale 


0.7459 


0.7032 
6644 
«6290 
25964 
25600 


0.5576 
20109 
24857 
4619 
04592 


0.4175 
25968 
05770 
25079 
20095 


0.3218 
25047 
2881 
22720 
22564 


0.2412 
02265 
2121 
1981 
21845 


0.1711 
21581 
21453 
13528 
21206 


0.1086 
0970 
«0854 
0740 


20629 


0.0520 
©0413 
0307 
0203 
0101 


ae.” eee 


0.98 


1.00 
1.10 
1.20 
1.30 
1.40 


1.50 
1.60 
1.70 
1.80 
1.90 


2.00 
2.1C 
2.20 
2250 
2240 


2.00 
2.60 
2.70 
2.80 
2.90 


3.00 
35-10 
5220 
3250 
540 


3.50 
3.60 
3270 
5.80 
3.90 


0.9899 


1.0000 
1.049 
1.095 
1.140 
1.183 


1.225 
1.265 
1.304 
1,542 
1.378 


1.414 
1.449 
1.483 
1.517 


1.549 


1.581 
1.612 
1.643 
1.6735 
1.703 


1.7352 
1.761 
1.789 
1.817 
1.844 


1.871 
1.897 
1.924 
1.949 
1.975 


2-000 
2.2025 
2.049 
2.074 
2.098 


2121 


TABLE 2b (cont. ) 


Bb pei 2.00 

.° BE aay rats 
0.9925 1.003 
1.0000 1.000 
1.037 0.9883 
1.071 9780 
1.105 -9688 
1.1356 ~9605 
1.167 0.9530 
eto? 9462 
1.226 09399 
1.255 9342 
1.280 9288 
1.507 0.9239 
1.332 09193 
1.557 09} 49 
1.381 9109 
1.405 09071 
1.428 0.9035 
1.451 «9000 
1.474 28968 
1.496 8938 
1.517 8908 
1.538 0.8881 
1.559 08854 
1.579 28829 
1.599 8805 
1.619 8782 
1.639 0.8759 
1.658 8738 
1.677 08717 
1.695 28698 
1.714 08679 
1.732 0.8660 
1.750 28643 
1.768 °8625 
1.785 28609 
1.802 08993 
1.820 0.8577 


aad ES 


0,0101 


-0.0000 
0482 


009355 
1358 
1760 


-0.2142 
02507 
2856 
25192 
2d015 


-0 Aeyehehy/ 
24129 
04421 
24705 
04982 


=0.5250 
5012 
29768 
6018 
26262 


-0.6501 
067355 
26965 
«7190 
7411 


-0.7623 
e 7841 
8051 
08257 
«8460 


-0.8660 
8857 
9051 
29243 
29432 


-0.9618 


c/c,, 


0.9950 


18829 
1.047 
1.068 
1.088 


1.107 
1.125 
1.142 
1.158 
1.174 


1.189 


1.204 
1.218 
1.251 
1.245 


1.257 
1.270 
1.282 
1.294 
1.505 


1.516 
1.327 
1.5357 
1.548 
1.558 


1.568 
1.377 
1.587 
1.596 
1.405 


1.414 
1.423 
1.432 
1.440 
1.448 


1.456 


1305 


1306 


TABLE 2b (cont.) 


= 16re 


a VE 


-0.9618 
0.9802 
0.9983 
1.0162 
1.0340 


-l e 0515 
1.0688 
1.0859 
1.1028 
1.1195 


-1.1360 
1.1524 
1,1686 
1.1847 
1.2006 


-1.2163 
1.2319 
1.2475 
1.2626 
1.2778 


-1.2928 
1.5077 
1.5225 
1.5371 
1.3516 


-1 05661 
1.5804 
1.5945 
1.4086 
1.4226 


-1.4364 
1.4502 
1.4638 
1.4774 
1.4908 


-1 20042 


TABLE 2b (cont.) 


YY = 2.00 
Wi a) fa o- 7 
8,00 2.828 Seo 0.8227 
8.10 2.846 2.339 28220 
8.20 2.864 Leave 28213 
8.30 2.881 2.2564 °8207 
8.40 2.898 Beart e8201 
8.50 2e9L5 2.389 0.8195 
8.60 TALS i6} 2.401 -8188 
8.70 2.950 2.413 28182 
&.80 2-966 2.426 S176 
38.90 22985 22458 eS8l71 
9.00 3.000 2.449 0.8165 
9.10 3.017 2.461 28159 
9.20 32033 224735 28154 
9.30 3.2050 2-485 28148 
9.40 3-066 2.497 08143 
9.50 3-082 2.508 0.8138 
9.60 3.098 2-520 28132 
S.70 3e114 Delo 28127 
9.80 30130 22543 28122 
9.90 3.146 22554 asl, 
10, 00 Delos 2.565 0.8112 
IDES ONE-DIMENSIONAL INTERACTION 


The one-dimensional interaction of shock-waves, 
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rarefaction waves, and contact-discontinuities (density alone 


discontinuous) can be conveniently discussed for water-like 


substances in the manner used by Courant and Friedrichs for 


ideal gases. 


in terms of the characterizing pressure-ratio F. 


Consider a plane shock-wave. 


One considers the change in material velocity 


Let V, be the material 


velocity of the normalized region and V the material velocity 


of the other one. 


= TO) 


Then we have from the definition of 


Vv 
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(cf. equation (5)). 


Vi =V) =o. aeGP) 
Put f(b) = 0, VF) 
Then V=V, + Pald) (6a 


If the sense of the direction from left to right be always 
positive, the equation (6a) applies to fig. la. Such a forward 
shock=-wave will be designated S. On the other hand, a back- 
ward shock traveling toward the left will be indicated by 5 
and will satisfy the following relation. 

Vv = vit - Pf (P) (6b 
The various shocks that are possible for a given value of V 
or of V, may be conveniently represented on a V,p diagram 
(fig. 4a,b). It is to be noted that if a point k is given 
on a V,p diagram, a single infinity of curves V = V, + Py (BD) 
can be drawn through that point, since F,(P) is a function 
of p and of A, . If A, however, is also fixed, then the 


curve through k is determined. 


Fig. 4 


(0,-P) 
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HS 


Consider a finite rarefaction wave R (continuous, 
adiabatic change) moving toward the right. As before, let 
V, be the material velocity of the normalized region and V 
that of the region not normalized (1.e., on either side of the 


rarefaction), Then we have from Riemann's argument 


Put WP) = - ra es 
Then vev, + Ya) (7a 


In the case of such a rarefaction wave R traveling to the 


left 
V=vV,- Wa @) (7 
The V,p diagrams for such rarefaction waves are shown in fig. 
4c,d. | 
The functions Pn (p) and Wr (P) represent physi- 
cally the absolute change in material velocity across a shock- 


= ll te 
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wave and a rarefaction-wave of finite amplitude, respectively. 
They possesscertain intrinsic properties (cf. proofs in 


Appendix A), namely, 


PiP) = Yip) = 0 P= Py (8a 
AP) 2 HAP PRP, — (a! 
oe dis c, me = 
Pi(p) = ) mies P—+D, (8b 
BS) & --@) P 2D, (8b! 
Pip), Vip) positive all p (8b" 
o =~ c 
Alp) = ALD ge conte = ie (8c 
Pip), (5) negative all p (8c! 
Lf Pi £R, 2nd p 1<?P; 
then Re) > el P >Py (8a 
If Be er and P,< P, 
then — 5) > $o P<, (8a! 
BAP) >PD,) + lH, yc, <B, (8e 


FAB.) = FP)) + FH,.), 211 vy,P5,r, (80! 
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It is useful in discussing interaction on the basis 
of these theorems to construct for any given state a W transi- 
tion-curve for waves toward the right (cf. fig. 5a) and a W 


transition=-curve for those to the left (cf. fig. 5b). 


Fig. 5 


t f 


Aka 
AY.) 


VW V 


For example, let us now consider the head-on 
collision of two shocks Sjand So. It is required to determine 
the final state of the intermediary region, given its initial 
state (po, ,, Vo) and the strengths iF and in (for definiteness 
5 is taken less than 5 ). Evidently (cf. the illustrative 
example for water in fig. 6a) a common Ve and Po exists 
only for the intersection of the upper branches of the W 
transition-curves through the initial V,p points. In other 
words, the origiial colliding shocks result in two new shocks 


receding from each other. Thus symbolically we may write 


S; Se-Sz Sq 
= -_ _— —> 
It is to be noted that because of the assumption of 
no entropy change the condition of pressure equality between 
two regions implies density equality also, i.e., no contact- 
8) 


discontinuity can exist in this case. In a similar fashion 


- 23 = 
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ERR 14 


P =5 002 
c1=1.547 
V=0.114 
22 
py =5 002 
¢4=1.547 


V ,=0 e 114 


5 
p4=24.009 


C= 26575 


Vi= 0 2520 
————> 


R 
p1=24.009 
CaS 2575 


— 


ONE-DIMENSIONAL 


INTERACTION 


xX 
eS pare gdonroyy 
~ie 9 


BEFORE. 
Py=0200OL =p, =1.001 


Cy =1 2000 Cy=1.151 


ie 0.000 V r= 0045 


AFTER Ls, 
Pr=4 2450 Py=1 2001 
Cy=le478 0,=1.132 


Vy=+0708 Vp= 2045 


ys saa 
=> 
BEFORE S 
Daz 60003 pr= 2001 
C= 1.604 c,=1.000 
Vg= +200 V=0 000 
AFTER Ss 


Pp=ed «150 Py,=0.001 
C= 2.2058 Chal 2000 


Vaz 0531 Vy=0 000 


FIGURE 6 
WATER ¥=7.15 


ERR 14 


S, 
p1=24.009 


Cy= 2.573 
Vi= 0.340 
—> 


py =24 e O09 
c= 2.573 


Vi= 0.340 
es 


R 
Py= 6.008 


cy= 1.605 
Vie Oeaee 


P= 6.003 
i= 1.605 
v— 0.229 

—— 


ONE-DIMENSIONAL 


BEFORE 
P= 0.001 


Gr 1.000 
Vin= Tt “£04 


AFTER 
Pp=24600 


Cy= 2-609 


Vn= 0.535 


BEFORE 
Pye e009 


C= 22975 


Vin= O 0044 


AFTER 
Pm= 6600 


Cm= 1.649 
Vin= 0.215 
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SR— 5.5, 


_R, 
Pyp=6 2003 


Cy=1.629 
Vp=0 000 


Pp=6 .003 
Cyp™l..629 
V,.=0 000 


FIGURE 6 
WATER ¥=715 
INTERACTION 
30 Wry 
25 Wy / 


SEI 
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other types of interaction can be discussed (cf. Appendix B 
for proofs of two interesting results); they are summarized 

in Table 3, which includes also the ideal gas results for 
comparison. It is significant that a water=like substance 

does not always behave like an ideal gas (fictitious for ¥Y >5/3) 
having the same value of ¥ . For example, in the case of 

water the overtaking of one shock-wave by another results always in 
a rarefaction being reflected, whereas there may be a reflected 
shock for the analogous ideal gas. Then, too, for a rarefaction 
overtaking a shock-wave the reflected wave is always a shock in 
water, but it may be a rarefaction in the ideal gas. Moreover, 
the kinds of phenomena that occur in water=-like substances are 
independent of the value of an not sO in the gamut of so-callec 
ideal gases where (ics 5/3 is a peculiar mathematical boundary. 
Typical instances of interactions in water-lixe substances are 


illustrated in fig. 6a, b, c, and de 


alae OBLIQUE REFLECTION OF SHOCKS 

The oblique collision of two similar shock-waves 
is mathematically equivalent to the oblique reflection of a 
single shock. Hence consider a plane shock-wave i (efi, £15). 
7a) moving with constant velocity in a water-like suostance 
’ and incident at an angle @on an infinitely wide, plane 


rigid wall. The reflection is said to be "regular" 1) af 


= BB oc 
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all Y 


Ideal Gas 8) 

T —+-R T 
Cc 
gS fae 


TABLE 3 


ee 


Water=-like Substance 


ay J 


cat 


TT, signifies a density-discontinuity with the density 
oS eye 


of the region on the left less than that on the right. 


T T signifies a contact-zone of constant pressure 
through which there is a monotonic change of density. 


Notes 
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the line of contact T between the reflected plane shock R 
and the incident one is always on the wall. The phenomenon 
is evidently stationary for an observer moving with the line 
of contact (cf. fig. 7b) so that it is determined by the 


Fige 7 


WALL WALL 


kinematical condition that the relative flow of the fluid 
is parallel to the wall both initially and finally. Now the 
only changes in material velocity are normal to the shocks, 
viz., vat the incident shock of strength £ and Vat the 
reflected shock of strength ©. Since the total change of 
material velocity normal to the wall must be zero, for 


normalization in the region between the two shocks, 
vcos& + ucos a’=0 (9a 


Furthermore, the total change of material velocity parallel 
to the wall must be equal to the difference between the 


initial parallel velocity and the final one, i.e., 
e 
-u': Vee) eo) Pinay Dee 
usinga- VU sine = A, See (9b 


2 6g° 
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Now 7 and Uare both functions of F: 7 and 
v‘are both functions of e. Hence equations (9a) and 
(9b) are sufficient to determine the strength F of the re- 
flected shock and its angle of reflection oO in terms of the 
known strength f of the incident shock and its angle of in- 
cidence &. For computational purposes it is convenient to 


combine these equations in a single quadratic equation as 


follows: 
LX°+MX+N=0 (9 
X = cos 2a 
Lev’ {(7'2 -6'2) - (72 -62)} 
Mev’ § (7r2 -2) +o'@fB- vf (7'2 -'2) +02} 


Nev'2? (¢2 - o'2) 
The graphical representations of typical numerical 
solutions are shown here for LS 7.15 and 2.00; @ (cq) for 


given F ( or P/P,) in fig. 8a, b and €(@) for given F in 
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fig. 9a, b. As in the case of ideal gases there are, in 


general, two solutions e & for given F »@& 3: one with 
large F ‘and large ': the other with relatively small §& me 
and small a. For certain "extreme" values, however, 

the two solutions merge into one, while for still higher 


values of Ono solutions at all exist. The "extreme" values 
¢ 


are determined by the condition that the derivative 2 or 
ae 


4 
= becomesinfinite (cf. fig. 9a, b). Subject to this 
¢ 
condition equations @a), (9b) give for %,....( F ) 


a 
extr. 


=- 29 « 
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1083 9(P/Po)” 


0 

1.0 
1.6 
1.8 
220 
2e2 
2.4 
266 
2.8 
5.0 
502 
304 
526 
5-8 
4.0 
4.2 
4.4 
4.6 
4.8 
5.0 
6.0 


"Extreme" Solutions 


bier 


1.0000 
0.9970 
0.9872 
0.9797 
0.9681 
0.9501 
0.9250 
0.88351 
0.8265 
0.7502 
0.6545 
0.5444 
0.4299 
0.5224 
0.2508 
0.1592 
0.1067 
0.0701 
0.0454 
0.0291 
0.00350 


TABLE 4a 


K= 71615 
Faas 
~ 1.000 
1.006 
1.026 
1.041 
1.065 
1.102 
1.159 
1.247 
1.578 
1.569 
1.8358 
2.197 
2-651 
3.190 
52795 
4.442 
5-112 
5.793 
6.478 
ol Gr 
10.759 


= SCs = 


Xextr 


90200 
85 228 
80229 
77681 
74 280 
GLY 
66.90 
62.202 
56°66 
51205 
45248 
40224 
35°57 
31°59 
28231 
25.65 
23 253 
21°84 
20249 
19°42 
16243 
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TABLE 4b 


"Extreme" Solutions 


; Y= 2.00 , £21.40 
ae Sante Asxtr. Next Fiactn extn Sain 
fe) co 90200 fe) (ora) 90200 ) 
O.1 5.291 34°36 42°31 5.455 41272 35°08 
0.2 3.874 35917 46°87 3.845 40034 40°96 
0.3 3.118 36°66 50248 3.051 40942 45952 
0.4 2.605 38.59 53:80 2.537 41°27 49263 
0.5 2.218 40298 57-10 2.160 42.76 5362 
0.6 1.905 43298 60.55 1.862 44295 57.69 
0.7 1.641 47°87 64°35 1.612 48°10 $2208 
O58 “Bs410. «53.207 68283 1.395 52.83 67.12 
0.9 1.200 61°83 74°76 1.195 60297 73063 
a0 1.000 90200 90200 1.000 90200 90 200 
‘ ) 
tan ® a! extr. = aS ee er 


j 


Table 4a, b liststhese "extreme" solutions Fetes. erste, 
for ¥ =%.15 and for ¥ = 2.00, 1.40 (included for comparison 
with air) respectively. Comparative graphs (cf. fig. 10a, a', 
b, c) show that unless the shocks are very strong the limits 
of regular reflection for water-like substances are similar 
to those for ideal gases having corresponding values of tf 
and obeying the Rankine-Hugoniot adiabatic. 

The vanishing of the discriminant of equation (9) is 
sufficient peasy 


* tans. = De 1-F A 31 = 


tp}- ae 
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to determine the value of nin for which the reflected 


pressure F is a minimum for given F « Thus 


2 M 
cos Amin. =O oL 


with M=2 \/LN 

The minimum solutions for Xo = 2.00 and 1.40 are given in 
Table 5; those that exist for y = 7.15 are not in the region 
of physical interest. The limiting value of Oe. for weak 
shocks ( F-»1) is the same as that for an ideal gas 3) 


having the same y » namely 


Bin’ OC an. —> 1 - yn 


TABLE 5 
"Minimum" Solutions 


= 2.00 y= 1.40 
O.l 4.393 26292 20295 4.046 38.73 22°64 
0.2 3.139 24590 20°87 3.371 35.635 24°00 
0.3 2.504 23°83 20°86 2.622 33044 24°87 
0.4 6 BsO94e0 9 2HS14)0/ 20588 2.156 $2016 © 25°55 
0.5 1.796 22564 20°94 1.830 31°17 26012 
0-6 1.568 22627 21202 1.585 30239 26.63 
0.7 1.385 22200 21211 1.393 29°76 27210 
0.8 1.234 21°79 2122 1.237 29222 27254 
Occe108 21558 ‘e1ese2 1.108 28.78 27.296 
MeO) 62.000. (21047 5 o 21047 1.000 28°34 28°34 


1321 

The angle of reflection ! is an increasing montonic 
function of the angle of incidence & in the range 0< a < a 
It is to be noted from equation (9a) that the angle of 


incidence is equal to the angle of reflection provided 
vis -V (10a 


TABLE 6a 


"Head-on" Solutions 


X= 7.15 
, 

1081 9(P/Po)* Ps 
0 1.000 
1.0 1.003 
1.6 1.013 
1.8 1.020 
2.0 1.032 
2.2 1.051 
204 1.080 
2.6 1.125 
2.8 1.192 
3.0 1.291 
3.2 1.431, 
3.4 1.620 
3.6 1.860 
4.0 2.472 
5.0 4.344 
6.0 6.449 


* Po = 1 atn. 
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TABLE 6b 


"Head-on" Solutions 


= 2.00 ¥ = 1.40 

5 sie els hac cm 
0.0 co co 

0.1 6.171 4.634 
0.2 3.806 3.229 
0.3 2.823 2.548 
0.4 2.258 2.116 
0.5 1.882 1.808 
0.6 1.610 1.574 
0.7 1.404 1.388 
0.8 1.241 1.235 
0.9 1.109 1.108 
1.0 1.000 1.000 


Now this relation always holds for the one-dimensional case 
of "head-on" reflection (A = &! =0). The "head-on" 
values are given for oa 715 in Table 6a and for y = 2.00, 
1.40 in Table 6b. Furthermore, substituting relation (10a) 
in equation (9b) we find that these angles are equal also for 
an angle of incidence Cl, given by 


sin® q@ = 2-2 (10b 


Sais 
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Inasmuch as V is intrinsically negative for 0< i. a ro) 

such angle exists for 7 >7‘; hence the limiting condition is 
given by T'= 7 , for which @ = 0. It is seen that the magni- 
tude of &, varies in general not only with the value of x 7 


as is the case for ideal gases 1,3) 


» but also with the strength 
F of the incident shock. The situation is shown qualitatively 
in fige 11 where aw (8) is plotted against ‘T(€) and - v( F) 
against T(§) for y= 1.40, 2.00 and 7.15. It is to be 
noted that for Y<5 the curves intersect at a point T's oVealts 
= « vu only for weak shocks,1.6.e, T~T~1. Furthermore, 
in this Pi range 7’>7 so that the angle a, exists for all 
strengths F - On the other hand, for y¥ 75 (lenge, y= 7215.) 
the curves start out in a reversed position so that 7’ is 
initially less than 7 ; in other words, there is no such angle 


GQ, - At some lower value F.0° however, the curves cross over 


so that then 7'>7 and Q@ exists. For example, for y= 7215 


the weakest shock for which @ =Q’is €.= 8.481 (10)+4, i.e., 


Poo/Po = 3.538 (10)1& outside the domain of interest. Finally, 
it is seen that for y = 5 the curves form a vertical cusp in 


the neighborhood of weak shocks. Let F771. Then 


and ia neat a (1- F) 


a(- Vv) i = 
hence ae As » Which becomes infinite for y= 35. 
For angles of incidence greater than Q or 0, if a, 


does not exist, the reflected pressure actually exceeds the 


= Se 
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"head-on" value. In fig. 12a, a', b, c, the ratio of F..... 
to F etnies is plotted as a function of F for O= 7-15, 
2000, 1.40, respectively. 

It may be that the extreme value of § “coincides 
with the "head-on" value for a particular strength F, of the 
incident shock. In that case "head-on" reflection gives higher. 


values of fF‘ than any oblique reflection for all stronger inci- 
dent shocks ( F < §,). Table 7 gives §, for Y= 7-15, 2.00, 1.40. 


"Extrome-Head-on" Equality 


é ¢ 
xX Fi (exter head) eo Ay (extr.head) “GS (extr.head) 


aI 
715 .6u245x(10) > 3563 31208 31208 
2.00 0.02345 9.082 35.80 35.80 
HefOu. O.L689 3.965 40°39 40°39 


Typical cases of material flow are shown in fig. l3a, 

b, c, For a given strongth Frat: of the incident shock I 
there is always one angle of incidence O,,4,;, for which the 
pressure and flow=-direction of the material behind the reflected 
snock R are identical with those corresponding to a "simple" 
Pare eauock intersection (cf. Section IV). For example, suppose 
the wall in fig. 7b is replaced by fluid having the same pres-=- 
sure as that of the neighboring fluid which had been in contact 
with the wall. This can be accomplished by having a third shock: 


M (cf. fig. 14) with its front normal to the contact-surface. 


> Se 


ERR 14 FIGURE 13.0 
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EXTREME . E log £=20 


WALL STATIONARY WALL 
ee te 16 
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a0 
lo Re 3.0 Rg 
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ERR 14 FIGURE I3b 
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ERR 14 FIGURE I3e 
WATER-LIKE 
= |.40 
MATERINGELOW oa ce ra, 
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Fig. 14 
R A density-discontinuity, however, 
I will exist in the region between 
a the shocks M and R. Let p"(=p') 
gas be the pressure behind the shock 
<7 a M and eo p/p" = i ss Then 
2 by (2a") we have for normalization 
M with respect to the region in 
front of M 
o(F) = M(F) csc oc 
or o (=) =o} cso ne a 
F F 


Thus in addition to equations (9a) and (9b) we now have relation 
5 ¢ 
(11) hoiding for the variables ( F, F » &). Hence for a given 


value of § an angle & 4,4, is determined. In the limiting 


sta 


case F*1 equation (11) reduces to 
whe re F eee 4 
Tables 8a, b give these so-called "stationary" values for 
Xy = 7.15 and 2.00, 1.40 respecitvely. 

This "quasi-stationary" flow corresponds to the regular- 
reflection solution with low-valued LS for weak incident 
shocks, but with the high-valued Fi for strong incident shocks. 
The critical strength Fo that ssparates these two classes of 
quasi-stationary solutions is that particular one which is 


identical with an "extreme" solution (cf. fig. 10a, a', b, c), 


= 4 0i= 
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10) has determined the "extreme-stationary" 


J. von Neumann 

contact by means of an asymptotic expansion for relatively 

strong shocks ( F ~ 0) in which terms like F are neglected, 
ay 1 Ti ‘ 

but not terms such as § " . It turns out that Foot. stat. 


must satisfy the following equations: 


+1 ‘z 2 ite : 
(F Tt ee) ee aE Tp 
PRR -1 (FF -1)(2 + ££ FF -2)+(1+2)} 
where f( f) = rhs 


2 vFEy at) 4 1 
BONE P(F mt) Bsn , z Fi 1_¢? 
ana = 7 =F 
¢ 7 (1-2) + (1+f) Fr §-1) 


for Y= 7.15 one obtains thus the asymptotic value (cf. Table 9) 
e 
0.0001435, F oi, 


-stat. = 16.595, 


47.46. The existence of 


5 extr.-stat. ™ 
@& cxtr.-stat. 1524, & 


such a contact for all yin the case of water=-like substances 


extre-stat. 


is still another respect in which these behave differently 
from the analogous ideal gases 1,5), 

As yet, there is not sufficient experimental evidence 
to direct the theoretical understanding of the region beyond 
the validity of "regular reflection", where the so-calied 


1,3) occurs. In this connection it is desirable 


Mach effect 
to consider as a first approximation the "simple" theory of 


three=-shock intersections. 


Sie Aulintes 
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TABLE 8a 


"Stationary" Solutions 


¥= 7615 
1084 9(P/Po) ee 
0.0 142.0 
250 141.8 
1.6 141.1 
1.8 140.6 
2.0 139.8 
Biae: 138.5 
204 136.6 
2.6 133.7 
2.8 129.5 
oh 123.7 
See 116.0 
Se4 106.4 
56 95.57 
5.8 84.10 
460 72.87 
4.2 62.53 
a 53.46 
4.6 45.77 
a 39.41 
oe 34.23 
6.0 20.35 


- 42 a 
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TABLE 8b 


"Stationary" Solutions 


X= 2.00 _ Y= 1.40 
es Fioads, Foe fe 
0.0 = oo 

el 4.441 50444 
02 3.583 303735 
or) 3.579 2.729 
4 52061 2.496 
25 3.418 22422 
26 5.009 2.418 
o7 5-619 22450 
8 35.740 2.502 
09 5 868 2.567 
1.0 4.000 22659 


Table 9 contains the values of F 2 for ¥= 7.15, 2.00, 1.40. 


TABLE 9 
"Extreme=Stationary" Contact 


‘ 
y F,(extr.stat.) Fo(extr.stat.) “,(extr.stat.) A, (extr.stat.) 


me ee ee ee ee ee 


7.15 0.0001435 16.3948 15224 47246 
2.00 0.2514 3.442 35387 48°78 
1.40 0.4137 2.479 41244 50218 
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IV, THREE-SHOCK INTERSECTIONS 


Three-shock intersections in air are not yet 


11) 3) 


understood, although the so-called "simple" theory offers 
a first approximation for strong shocks. The requirement 

here is that the pressure be uniform between adjacent shocks. 
It can be satisfied, however, only if there is a discontinuity 
D in tangential material-velocity (and density) in one of the 
regions (cf. fig. 15). 


3) has been 


The same method 
used to survey three-shock 
configurations for water-like 
substances e 

For the limiting 
value €-1 the various condi- 


tions result in a cubic equa- 


tion for cos /3, » Vises 


M 
{4 0! coma, -ECy rr e’- ayo Lo 7" J con, - 
~2o‘now, +r “+ [lm o~'* +n) cow 3, - 
~ 2 mo’ cou sa, + (m-n)] = 0 


4 
5 
é 
B 
it 


Kyriye oh Pta( ato te? 


and nego's! {(y+l)ro! -2(y -1)0'2 -4} 
— #4 ao! 
ts Say" 


SS 
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and Sk- yal fa SEE 


The other angles are then given by 
g,= =9f- cot -1 (eos =l) 


73in,, 
and p= wT = fy 3 
=-1 -cos 
and w= cot ( ) 
‘ sing, 


The solutions are surprising. Even though the one shock is 
very weak (F-1) the minimum resultant pressure Fmay be many 
times greater, 0-86 § = = 2.0234 for y = 1.40, §"= 3.3175 for 
4 = 2.00, and §” = 138. 67 for y = Wel (ef. figs Waes dye dey. 
In other words, 7a weaker resultant pressures & ‘ no three= 
shock configurations exist at all; they do exist, however, for 
an ideal gas with the same value of « It can be shown that 
this peculiarity is independent of y ‘ef. Appendix C). Thus we 
have another characteristic difference between water-like sub- 
stances and ideal gases! The configurations for limiting 
cases are shown in fig. l6a, b. 

Numerical results for y= 7.15 are shown graphically for 
given values of F; namely F ->1, F = 0.75 and 0.10; e.g., A(H) 
in fig. 17a, &(#) in fig. 17b, w(f) in fig. 1%, F (g~) in 
fig. 17dg, dg and w(/4) in fig. 17e. Here, too, for each value 
of Fis a minimum resultant pressure Finan. (0° © mare te0~2 for 
F = 0.75 and €"4,.748-1 for y= 0.10) in contrast to the three- 
shock solutions for the analogous ideal gas, where configurations 
with Fin the neighborhood of unity always exist. It is to be re- 
marked also how close the various curves are to the limiting one for 


f ~1, which is accordingly a good approximation for qualitative 
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ERR 14 FIGURE 16a 


LIMITING THREE-SHOCK CONFIGURATIONS 
¥=7.15, §7| 


‘ ATER-LIK UBSTANCE 
£5 138.67 WATE IKE SUBS C ae 
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ERR 14 FIGURE I6b 


LIMITING THREE-SHOCK CONFIGURATIONS 
¥=2.00, tia 
p WATER-LIKE SUBSTANCE 


{> 3.3175 
‘min 


"IDEAL Gas” 
fe i R,I 
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ERR 14 |. FIGURE [8a 


THREE-SHOCK CONFIGURATIONS 


WATER-LIKE SUBSTANCE 
¥=7.15 3 = .75 


Ae 
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ERR 14 FIGURE !8 a’ 


THREE-SHOCK CONFIGURATIONS 


WATER-LIKE SUBSTANGE 
y= 715 = F=.10 


WL) = 5.°0 


W= 9.°O 
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ERR 14 FIGURE !8b 


THREE-SHOCK CONFIGURATIONS 


WATER-LIKE SUBSTANCE 
¥=2.00 S= »15 
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ERR I4 FIGURE 186’ 


THREE-SHOCK CONFIGURATIONS 


WATER-LIKE SUBSTANCE 
Y¥=2.00 f =10 


G)=9,°0 
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description. In each case the limiting curve Fr for the 
analogous ideal gas is given for comparison. The two apparent 
families of solutions which are usually distinct for an ideal 
gas are undoubtedly physical regions of one double-valued 
family in the case of water-like substances. Typical three- 
shock configurations for given values of § and of @ are shown 
in the diagrams of fig. 18a, a'. The influence of ¥ is illustrated 
in the comparative cases of fig. 18b, b'. 
V. EXPERIMENTAL EVIDENCE 

The interaction of shock-waves in water was first studied 
by P. Libessart 12) at Oxford, England. In fig. 19, Plate I, 
a spherical shock-wave produced by, No. 8 detonator is shown 
reflected obliquely from a wall. From the four exposures we 
observe how "regular reflection" develops into "Mach reflection" 
(incipient at Srd exposure). In fig. 20, Plate I, shock-waves 
from two No. 8 detonators, fired simultaneously from opposite 
ends of an ebonite cylinder, have interacted to produce a Mach 
effect. It is likely that the central band is the region in- 
cluded between two surfaces of density-discontinuity (the optics 
of such photographs require further study). 

(See page 74 for insert.) 

D. P. Mac Dougall, G. H. Messerly, and E. M. Boggst4) of the 
Explosives Research Laboratory, Bruceton, Pa., have investigated 
the oblique collision of two intense shock-waves produced by 
the detonation of an inclined pair of pentolite sticks (1" 
diameter) in water. Figure 23, Plate III, illustrates a 


=I 5o0— 
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"regular" collision. For F in the neighborhood of 0.174 and 
for & = 20°8 the measured value of & is 2325 Ao-sgedaten than 
O& , as the theory predicts. Figure 24, Plate III, shows a 
Mach effect. The measured angle @= 39° is beyond the range 


of "regular" values (cf. fig. 10a, where & for F= 0.174 


extr. 
4s about 26326). 


The most complete quantitative investigation 16) 


has 

been carried out experimentally at the Underwater Explosives 
Research Laboratory, Woods Hole, Mass. In general, two equal 
charges are exploded simultaneously at a variable distance apart. 
The resultant effect of the shock-waves is registered by a 
piezo-electric or diaphragm gauge at some point equidistant 
from the two charges (it is convenient for this distance to be 
kept constant). Figure 25, Plate IV shows a "regular" collision 
produced by the spherical shock=-waves from two 50-g tetryl 
charges bh while figure 26 illustrates a Mach effect. The 
measurements were made primarily in the case of two ca. 1700=g 
spherical, cast, pentolite charges. In fig. 27 a typical 

plot is given. The average experimental curve indicates the 
predicted increase of resultant pressure § ‘with increasing 
angle of incidence @&. The quantitative discrepancy is of the 
order of magnitude of the observational error. (Exact agree- 
ment is hardly to be expected in view of the above theoretical 
assumption of constant pressure behind the incident shocks and 


in view of the experimental uncertainty of determining the 


peak pressure by a method of extrapolation.) Furthermore, the 
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"damage" 18) 


as indicated by a diaphragm gauge and by a 
cylindrical shell-target shows a maximum beyond the "extreme" 
angle similar to that found for the peak pressure. 

More data, including values of a; as well as F over 


a wide range, are required before any statement can be made 


regarding the quantitative satisfactoriness of the theory. 


1343 


ERR 14 
PLATE I 


SHOCK COLLISIONS IN WATER 
OXFORD 


Fig. 19 = Development of Reflection 


Fig. 20 = Mach Intersection 


PLATE II 


SHOCK COLLISIONS IN WATER 
DAVID TAYLOR MODEL BASIN 


Fig. 21 - Regular Intersection 
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PLATE JII 


SHOCK COLLISIONS IN WATER 
ERL BRUCETON 


Fig. 23 - Regular intersection 


Fig. 24 - Mach Intersection 
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ERR 14 
PLATE IV 


SHOCK COLLISIONS IN WATER 
UERL WOODS HOLE 


Fige 25 - Regular Intersection 


Fig. 26 - Mach Intersection 
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APPENDIX A 


PROPERTIES OF f_(p) and Yq(p) FUNCTIONS 
i. The basic equations for the functions f(D) and Yale) 


and their derivatives are as follows: 


5 P c 4 We 
Ald) = on UG) = ae feo, ce ; / (la 
( #, the sign of (F -1)) 
Pip) = e, Vie) = —— (¥ =1) +y(Qle- &° (la! 
n : 5 
wad te (pay ae ge ace 
4, "4 OH Cc i+¥ ~ l+2x 
jo vl), =n el y+ “s 
th nt oe peu ipae ae vo ee 
-2y "Lu F 1 (1a" 
-1 
Also Vr(p)= ea ey 1) (1b 
Cn gS 


2. Proof of (8a'), (8b‘) 


For any real, mn <zero value of A, B 
a® - 20 B + BY > O 


ti ca 
Let a? = (F-1)§" ¥ Be = ioe ?) 


then, ( F-1)€ > an - eVy(F-1)" we (1- FO ob ‘ ae + 
GO a F) do 
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or F-9E Pe yt § en? ey VF e-ate-g ht eee 


fa) For values of 0< §<1 the expression 2y VE (e-) (I Fe tt 


is negative, by the rule of signs of equation (la), hence 


14+ ao 
{(€-L)F == a a —— < - cy 
1 i/2 ig 


Vy (F Bn) ae =-F 8) 


or Ff, (B)< YB) 
(vo) For values of o©>£>1 the expression 2y Vy (§-) Fue HE 
is positive, hence 
1+ cael 1+¥ 
no ae (l-¢° F) Ch Re 
-i1f 2yVy 
(pe)? (ang 


or B,(P)> Fuld) 
Since #l(p) = YFlp) and PAD) = Yi (B) tor pp, [(sa), (sb)] 1¢ 
follows that JP) ZH) for p 2 Pe 


oy 


3. Proof of (8a), (8b), (8c), (8b"), (8ce") 
As P+p,, Fl. It is evident that (bp) = Hlp) = 0 for 


Fm. It also follows from equations (lat) and (1b') that 

$,, (P) =f) and from equations (la") and (2b") that 
FrlB) = Yb) - ee 

From equations (1b') and (1b") it follows that ACD > and that 
Vr P< O. It remains to prove that BB)>0 and that $(p) <0 


= 600" 
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for all values of p. We shall first prove the former statement. 
(a) For values of 0 < §< l1:the expression 

+ 
A@ = gop. b-T-— SE ret Py 
x 1/2 Pi gel 
(gpa) "(1- FF) 
is always positive, since the numerator is always negative, and 
the denominator is always negative by the rule of signs of 
equation (1). 
(o) For §*l:we have noted that Fp)» —y7> Which 1s positive. 
(c) For values of 0 >£>1; it is sufficient to show that 
P, (BPD), since we have noted that Ye(p)is always greater 
than zero. This has been shown in the preceding section. 
We will now prove that FABIO Sox all values of p. 


Ff, (P) = Pret ara re aia al sre ay nl} 


(at) For values of O¢ F<1; (1)VU is negative from equation 


1+ = 
(la), (2) (F< PFE 2y or More Se it from preceding 


o 


section. To prove that f(b) <0 it remains to show that 


2y Lvl? <E- ers rasa 


¥ 5 
1+¥ 
- = al 
or 2 or <F v i+ ef 
or 2< = a a & which is true. 


(e) For $>1; B(p)— - te fn 
2 


y 7) 2 which is negative. 


(c') For values of oO>F>I1; (l)y is positive from equation (la), 


= 6) — 
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- ~ Mtl 
(2) ul F)> 7 i or y” [ug ])°>F f 


To prove that f(5)< O it remains to show that 
ot ee 
2y (VF I] >F { 42s ta 33 
AO ony eal 
Sy Orme eo fetes mes 


or 2 ghee + aa #3 » Which is true. 


aS 


4. Proof of (8d) 
We have 


fil5) 


os vfZ) 


FB) = 0, v(z 


itp = Py» F (3) = 0 and fp) is negative; hence theorem (8d) 
istrue. IfB =5,, fp) is positive and Ale) = 0. 

If Py< P<P,, Riv) is positive while BP) is negative. 
Finally, if Py<P; <p, both AP) and AlP) are positive. 

In this case, however, the factors for the expression FP) 


are each either greater than or equal in absolute value to the 


is es 
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corresponding factors of Rip). Hence in each case APH Pl), 


algebraically. 
5e Proof of (8d') 
We have 


Yap) = 


1s 


'g| 


i Py» Yup) = O and YF; () is negative; hence theorem (8d') 
ig satisticd. If p = Py KP) oag eies te i ine WP) oe 

ir PAC PKB HIP) is positive and YAP) is negative. Finally, 
if p< P<, 


however, the factors for the expression VAP) are each either 


both Ve(p) and wip) are negative. In this case 
< f) ’ 


less than or equal in absolute value to the corresponding 
factors of Vo. Hence in each case V(P)> Vp), 
algebraically. 

be Proof of (8e) 


We are to prove that 


we) o> vf) oy + FEY o, 
P P 
or os cer oa al eee 


Gone 


Let ns Sees ae ak Ca F < co 
j 
¥-1 = 
at ee (et) Be oF 
oF P; =¥ 


Since 


the above is equivalent to 
v(E)F mle )F +u(F) 
Substituting the value of U, we obtain 


cs ens EE HF p0-pis Hoy econ gay 


This may be proved by a method similar to that used in section 


ee For any real, non-zero value of A,B 

A® - 2aB + B® D0 

2 ‘ ee 2 -i 
Let ASS UP=1) (CE RL), Bo ae t= PE) 


ten (S* 5 Fy-2fo-syre He gcetow Fay t+ 
+ (-§)(- 7 F)>0 
CM © 05) 0 I) ed Ct 3 Cel CN Ck 
+ (t- s(—¢ Ey> C-€)( -«) + (621) (- 8) + 
refu- sys Ente aueg’ Fy 
{CF Oc pt En © 0-5 Hy u-pyg” Ey 
+ soe 578) + afu-sug Ege ones’ Aye 
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Fo EE Ee Htro-sre tHe +fesne-g” BPP 
Taking the square root of each side we obtain 


fcr ps & eH} > tre prg Es Les oes DY 


which is what we set out to prove. 


Hence 


Ve Proof of (8e') 

This relation may be seen to be true by considering three 
points on a forwerd rarefaction wave %1<%; <*, with effective 
pressures Py» Py» and P, and material velocities Vy, Vis and Vi. 


The theorem simply states that 


(V,, - V,) = (Vv; - ley + (Vv). - V5). 
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APPENDIX B 
TWO PROOFS OF ONE-DIMENSIONAL INTERACTIONS 

Table 3 in the text outlines the results of one-dimensional 
interaction of shock=-waves and rarefaction waves. In this 
section we will discuss in detail several instances of wave 
interactions, in which the differences between ideal gases and 
water=-like substances are most striking. 

We shall first recall some relations existing between the 
effective pressure, material velocity, and density in front and 
behind a shock=-wave or a rarefaction wave. Consider the shock 
or rarefaction wave moving along an x-axis. The x-axis will thus 
be divided in two parts. The effective pressure, material 
velocity, and density on the right of the wave-front will be 
designated p,, V,» andp,; those on the left, Py» Vi, andP,, 
respectively. The material velocity will be considered positive 
if it is moving in a positive direction along this x-axis, and 
negative if it is moving in the negative direction. A shock or 
rarefaction wave moving in a forward or positive direction re- 
lative to the undisturbed material will be designated S and R, 
respectively; in the opposite direction, §. and R. On the basis 
of the above conventions the following inequalities hold 


Py > Pys P\>Pp for § 

Pi< Pr» P3< Py for S$ (A 
Waar Van for & or S 

Bi < Py» P1<f, for R 

P} > Pp» P1>Py for R (At 
Vai. for R or R 
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From relations (8b") and (8c') it follows that F,,(P) 


and Yel) are monotonically increasing functions of p, while 

their slopes are monotonically decreasing functions of p. 
Before proceeding we would like to call to attention that 

Pr (By) = - Alp,) and W,(P,) = -f{P,), each of which simply 
states that the differerce of material velocity (V, - V,) = -(V,-V)), 
for a shock-wave or for a rarefaction-wave, respectively. 

Let us consider the case of two forward shocks following 
each other. These will divide the x-axis into three regions, 
left, mj.ddle, and right which we will designate 1, m, and r. 
From (A) we have the inequalities Pj > Fees >Pp and V] > Vn > Vn 
These will indicate the relative positions of 1, m, and r on the 


V , p diagram. After the interaction 


Fig. 28 3) 
Fife 29 ; 3 We, 
- 
We 


has taken place the regions 1 and r remain unchanged, while 
a new region m! appears at the center to take the place of mo 


The region m' is connected to region 1 by a backward wave, qu, 
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and to region r by a forward wave, 4, If we draw a Bue curve 
(cf. fig. 28) through 1 and a YW, curve through r, m! will be 
determined by the intersection of these two curves. We wish to 
show that m' is on the shock branch of W., but on the rarefaction- 
wave portion of : 

Since m was connected to r by a snock the curve W,, passes 
through the point m. From the dispositionof the point 1 and 
the slope of Wy it is evident that m' is on the shock branch of 
tne Hence the forward wave connecting m' with the region r will 
be a shock. We will now draw 3m through 1 and m. It follows 
from relations (8e) that Sm Will lie on the left of W,, for values 


of p> Pin’ Hence m' will lie on the rarefaction branch of JW;. 


Let us consider a forward shock overtaken by a forward 
rarefaction-wave. The inequalities (A) and (A') yield the fol- 
lowing relations for the effective pressures and material 
velocities in regions l, m, and r: P< Diam PL and Vi< Maas 
The points 1 and r will lie on the R, and 3. curves, respectively 
(cf. fig. 29a). Now for p<P,, filB)< YP) (cf. 8a'). 

Hence the curve $, will lie above Ry. It may be shown that 

WW, Will also lie above R, for values of p below p,. It follows 
that the point m! will fall on the 3, branch of the qi curve, 
resulting in a weak reflected shock. On the other hand, m! 
may fall either on the or or R, branch of i. curve depending 
on the original position of 1 on the BR, curve (cf. fig. 29b). 
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Thus for a strong shock and a weak rarefaction-wave a shock 
will be transmitted, while the reverse is true for a weak 

shock and a strong rarefaction-wave. It remains to be shown 
that W, will lie above —| for values of Dp below Pa The transi- 
tion-curve a consists of two branches. It is composed of 3.2 
from r to m and of &. for values of p less than Phe It follows 
from (8e) that S, must lie above $3, from r to m, hence this 
portion is also above Bae Also, if we draw a vertical line 
through r we pass through some point t on Bn? Relation (8e') 
implies that R, coincides witn R.. But p, <P, and 


al 
BF op, 
t ae ale » hence it follows from relations (8d') that 


Re ir 
Yow) ¥(P) for p € P»e Consequently B, lies above Ry =F. 
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APPENDIX C 
THREE “SHOCK CONFIGURATIONS FOR WEAK SHOCKS 
In the case of weak reflected shocks, F> 1, a quadratic 

equation has been derived for ideal gases in terms of the 
cosine of the limiting angle a. The analogous equation 
for water-like substances is 
a{o2(7-0) -(30+ vi} con’ 3, 4 Or (O*+ Cow, + {or (- o-®)- Ursr*stzo 
As is the case for ideal gases dp, approaches 97as a limit, 
and the limiting angles w,;, 5, are given by 

tan, = ———__T 

eseaA-r o cotA, 

and cot J, = cscQ@,- cot ,’ 


The distinction between ideal gases and water-like 
substances becomes apparent when one considers a value of F 
slightly less than one. Let this correspond to a value of 
@ =1-C¢, where € is a small positive quantity. The dis- 
criminant of the above quadratic equation is then given, in 


terms of a power series in @, by the expression 


16¢* [ep 2 ij + terms in ¢} 


which is negative for a sufficiently small value of ¢€ and 

y¥ > 1. Hence, for a value of F sufficiently near one there 
is always a region where no real three-shock solutions can be 
found in the case of water-like substances. 


For ideal gases on the other hand, the discriminant is 
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given by the expression 


64c 4 )ix? -1) - 2 (y-1)%e] 


which is positive for a sufficiently small value of ¢ and 


Y> 1. In this instance for a value of F sufficiently near 


one there is always a region where real three-shock solutions 


must exist. In fact, as 71,470, $,>7, 


¢ 
tan w'—»/l + 2 -1, while J, —> 7 -%,. 
‘ — yrti 


Ze 


Se 
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E,C. Campbell, and C.W, Wyckoff of the David Taylor 
Model Basin have similarly taken photographs a) of two 
Simultaneously detonated Hercules caps as sources of shock 
waves. The collision shown in fig, 21, Plate II, is cer- 
tainly "regular", whereas that in fig, 22 is probably Mach, 


(the optical effects are not completely understood), 
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GLOSSARY OF SYMBOLS 


Pn Peak pressure at gauge position as obtained from 
Kirkwood's similitude curves (OSRD 3949) for 
free water (psi) 


P Apparent peak pressure of shock wave at gauge 
position: the highest visible point on photographic 
record (psi) ; 


P> Derived peak pressure: an approximation to 
extrapolated peak pressure (psi) 
Ps Peak pressure at a given point on the water's surface, 
as obtained from Kirkwood's similitude curves 
(OSRD 3949) for free water (psi) 
t Calculated shock-wave duration time between the arrival 
' of the directly propagated pressure wave and the 
subsequent arrival of the reflected tension wave (microsec) 
T Experimental shock-wave duration time as measured on the 
piezoelectric record (microsec) 
Tg Gauge crossing time of the positive shock wave (microsec) 
a Gauge crossing time of the reflected tension wave (microsec) 
D Depth from the center of the charge or gauge to the surface 
(ft or in. , as specified) 
R Charge-to-gauge distance (ft or in., as specified) 


Surface point of incidence of that part of the shock 
front which is reflected in such a way as to strike 
the gauge, assuming equal angles of incidence and 
reflection 


w/3/R Scaling constant for similitude curves in terms of 1/3 
charge weight, W, and charge-to-gauge distance, R (1b /ft) 
X eunle of incidence of shock front at point S (degrees) 
angle between ocean surface and the line from S to 
the charge) 


8 Time constant; time required for pressure to drop to 1/e 
of its initial value (microsec) 


o Standard deviation of a single observation from the mean (%) 
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ABSTRACT 


This report presents the results of piezoelectric measure- 
ments of underwater explosion pressure waves generated and 
observed near the free water surface. The charge-surface~gauge 
positions were such that the rarefaction wave resulting from re= 
flection of the compression wave at the surface was propagating 
in the moving and compressed medium not far behind the shock 
front. Under these conditions, the interaction with the sur—- 
face deviates from the predictions of simple acoustic theory. 


If the angle of incidence is defined asX = tan"! (D, + Dg)/Ry 
where De and Dg are the charge and gauge depths and R is €heir 
horizontal separation, one finds that the deviations from acous= 
tic theory become more pronounced as decreases at constant 
pressure level ( at the point of reflection on the surface) or 
as the pressure level is increased at constant Q. 


The deviations readily observed by the methods employed in 
this investigation are 1) a falling-off of the peak pressure 
from the value obtained in free water at the same charge=to-= 
gauge distance, and 2) a change in the character of the rare- 
faction cut-off to zero pressure. The rarefaction becomes less 
steep-fronted and, in extreme cases, would appear to have pene- 
trated to the shock front. The decay of pressure behind the 
shock front becomes non-exponential and the pressure-time records 
become convex upward. The total duration of the positive press- 
ure phase, however, becomes longer than predicted by acoustic 
theory for the cut-off to zero pressure on the arrival of a neg= 
ative reflected front. 
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THE REFLECTION OF SMALL-CHARGE SHOCK WAVES 
FROM A FREE SURFACE 


I. INTRODUCTION 


The phenomena accompanying the oblioue incidence of ghock 
waves upon a free surface have already been described. 26} 
However, the theoretical descriptions generally available apply 
only to that part of the pressure field in which the angle of 
incidence is large and the pressure level comparatively low, 
less than 15,000 psi. Under such conditions, the normal 
acoustic laws of propagation offer a satisfactory description 
of the direct shock wave and of the tension wave which is 
reflected from the surface. Experimental evidence previously 
obtained at this laboratory has been seen to indicate that 

for very small angles of incidence and for cases in which 
either the charge or the gauge is very close to the surface, 
the acoustic theory AQ longer offers an adeauate explanation of 
the observed results. ©) 


These earlier results showed that, at points very close 
to the surface, the shock wave duration (the time interval 
between the arrival of the directly propagated wave sat the 
gauge and the subsequent arrivel of the reflected negative wave ) 
is greater than simple acoustic theory predicts. Furthermore, 
pressures measured near the surface were found to be much lower 
than the similitude values obtained for free water, although 
for a given charge fired near the surface this attenuation is 
less pronounced beneath the charge than near the surface. And 
even before the arrival of the negative wave, the decay of 
. pressure with time differs from the exponential decay of free- 
water pressure fields, 


The study here described was undertaken to obtain a more 
nearly complete picture of these surface-reflection phenomena. 
_A program was set up to study shock waves near the surface for 
various charge and gauge depths, as well as for varying. pressure 
levels at a given depth. Experimental results are presented with 
a minimum of interpretation, in the hope that the additional 
information will be of assistance in the development of a satis- 
factory theory for free surface shock-wave phenomena. The 
present foundation for such theoretical development is naturally 
peees on the Meyer Corner theory and the work of, Prandtl and 
Mach i but, except for a brief mention by Cole//the general 
literature does not reveal any extension of this work to cover 
explosive propagation under the conditions here investigated. 


* All such numbers refer to the List of References at the end of 
this report. 
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II. OUTLINE OF SHOOTING PROGRAM 


For the shooting which is here reported, pentolite was 
chosen because of its availability and the ease with which it 
may be cast in spherical molds, Spherical charges were used 
throughout to obtain pressure fields as nearly symmetrical as 
possible, The first series of shots, with 250 gm charges, was 
done in sea water immediately off the Oceanographic Institution 
dock at Woods Hole. A horizontal boom (Fig. 1A) was suspended 
above the surface and from it a vertical rod was projected down 
into the water. On this rod were mounted three piezoelectric 
gauges, 1, 2, and 3 ft below the surface. Farther along the 
boom, a pair of movable spreaders held the charge 2 ft below 
the surface at any desired horizontal distance from the gauges, 
With this rig, shots were fired at horizontal charge~to~gauge 
distances that varied from 4 to 45 ft. 


During this series, the surface of the water was somewhat 
rippled even on the very calmest days, and therefore the depth 
measurements could seldom be made with an accuracy better than 
3 or 4 in. This was one of the reasons that subsequent shooting 
was done at a fresh-water pond on Nonamessett Island. Because 
of the shelter afforded by nearby high ground, a good calm pre- 
vailed on the pond and, except on the windiest days, the ripple 
was less than an inch high. 


At the pond, charges and gauges were mounted on a ring 
(Fig. 1B). Three uprights were bolted to the ring to serve as 
depth indicators. Brightly colored lengths of thin wire were 
strung between the uprights and drawn as tight as possible. 
Gauges and charge were mounted any desired number of inches 
below the wire, and the ring was lowered into the pond until 
the wire just broke the surface. Because the wire was light 
and tightly strung, there was no appreciable sagging, and the 
gauge and charge depths could be measured accurately to within 
one quarter of an inch. 


With this rig, a series of shots was made with charge and 
gauges all at the same depth, with the depth varying from 
4 to.12 in. beneath the surface, and a charge-to-gauge distance 
of 45 in. A second series consisted of shots at the 4 in, depth 
with gauge distances of 30, 45, and 60 in. All of these shots 
were made with 250 gm charges. One group of 500 gm charges 
was also used, at a depth of 5 in. and a gauge distance of 
TOPs 


It. was further desired to observe the pressure directly 
below the explosive source, but this would have required 
extensive revision of the existing set-up. Instead, a vertical 
support was mounted on the ring and extended 3 ft beneath it 
By means of this support a gauge could be mounted off to one 
side and about 30 in. deeper than the charge. 
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SUPPORTING ROPES 


MOVABLE CHARGE SUPPORT 


GAUGES WITH CABLES 
RUNNING BACK TO 
RECORDING EQUIPMENT 


Fig. IA 


BOOM USED TO OBSERVE OBLIQUE REFLECTION PHENOMENA 

AT LOW PRESSURES (535 TO 8200 PSI) AT SURFACE POINT, S 

THE GHARGE=TO=BAUGE Pa RONEE MAY BE VARIED FROM 
4 j 


DEPTH INDICATOR WIRE IS ATTACHED DESIRED DISTANCE,0, 
| INCH MARKINGS pi ABOVE CHARGE, AND RING DEPTH IS 
ADJUSTED SO YHAT TAUT WIRE TOUCHES 
THE SURFACE ——- 


SECTION 


Fig 1B 
RING USED IN VERY SHALLOW SHOOTING 
AT SURFACE PRESSURES FROM 6900 TO 
75,900 PSI. DEPTH, D, CAN BE VARIED 
FROM 4IN. TO 12 IN. 


TOP 


FIG, |. 
SCHEMATIC DIAGRAM oF SHOOTING RIGS 
UERL WOODS HOLE, MASS. 
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III. INSTRUMENTATION 


Experimental results in this program were obtained with 
UERL Type B gauges), the initial work being done with 3/8 in. 
diameter gauges and the pend shooting with 1/4 in. gauges. These 
gauges were mounted on 5 ft lengths of wax-filled copper tubing 
chosen for low cable signal. The tubing was in turn spliced to 
75 ft lengths of copolene cable. To record the gauge signals, 
four DuMont 208 Cathode Ray Oscilloscopes were used as previous 
ly modified at this laboratory, and further modified as will be 
described below. The cameras which were used in photographing 
the oscilloscope screens are of the rotating=drum type, accomm- 
odating a 10 in. strip of 35 mm film. The associated electronic 
equipment used to fire the charge, to synchronize the oscillo-= 
scope beam brightening with the detonation, and to obtain voltage 
and timing eer a is essentially the same as has been pre= 
viously described.2 


The time resolution required in the study of small-charge 
shock waves imposed severe demands upon the above equipment, 
particularly since the surface-reflection phenomena are of 
durations as short as 10 microsec. The necessary resolution 
required a writing speed of at least 0.7 millisec per in., more 
than twice the fastest drum speed for which the equipment had 
been designed. The high speed was obtained by running the camera 
motors, which were Elinco Midget Type F=78 6-volt D.C. motors, 
from a 12=<volt supply. Variable drum speeds corresponding to 
writing speeds of from 0.7 to 1.0 millisec per in. were thus 
obtained. 


At these writing speeds further modification of the existing 
equipment was necessary to obtain readable photographic records, 
The intensifier voltage on the 5LP5 cathode ray tubes was increased 
from the 1000-volt value indicated in OSRD Report No. 6238 to 
3000 volts, giving a total voltage across each tube of 000 
volts. Although the deflection sensitivity was thus slightly 
decreased, the gain provided by the amplifiers continued to be 
more than adequate for input voltages of more than 0.5 volts. 


With increased intensity, satisfactory photography of the 
scope faces was boon ee with an f:1.4 Zeiss Biotar lens and 
Eastman Kodak PF402 green-sensitive Photoflure film. However, 
the necessity for recording a time scale simultaneously with 
the piezoelectric record imposed stricter requirements on the 
fiim, Timing marks were obtained from a crater tube (Sylvania 
type R-1130B) mounted inside each,camera hood, just as des- 
eribed for other UERL equipment.2) Because the crater-tube 
flashes are red, the Photoflure is relatively insensitive to 
them, and at the drum speeds needed here the timing pips did not 
show up at all, Therefore, it was necessary to use Eastman 
LP421 Linograph Pan recording film, which is panchromatic but 
also particularly sensttive to the blue-green cathode ray tube 
light. By force-developing the films thus obtained for 20 min=~ 
utes in D-19, readable records were obtained. 
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IV. ANALYSIS OF RECORDS 


1. Photographic Records 


Representative piezoelectric pressure-time records are 
shown in Figs. 9-17 for all shooting conditions for which 
results are presented in this report. Immediately underneath 
each record is a time scale which was recorded simultaneously 
on the film. Two different timing methods were used. When 
possible a separate cathode ray tube was utilized since it 
simplified photographic problems. Otherwise the crater tube 
flasher provided timing dots. In both cases the timing 
signal came from the same source, a multivibrator which, 
operating from a standard 100 kilocycle crystal, gave a 
10 kilocycle output and 100 microsec markers. 


2. Pressure Measurements 


Pressure-time records obtained in this shooting series were 
measured to find values of peak pressure, P., and the duration, T, 
of the compression wave, Because these shots were shallow, the 
reflected rarefaction or tension wave arrived at the gauge a 
very short time after the initial shock front. Therefore, 
norual extrapolation procedure was not possible, and to derive 
a pressure Pp, which approximates extrapolated peak pressure, 
the following method was used. 


It was assumed first of all that the initial compression 
wave arrives at the gauge unaffected by surface reflections, 
The first few microseconds of the record, therefore, yield a 
value for apparent peak pressure, Py, that starts to decay at 
the normal free-water rate until the arrival of the tension wave. 
From work done at this TanOretory with pentolite in free water), 
a value may be obtained for 0/W!/3, where @ is the decay time— 
constant in microseconds and W the charge weight in pounds, If 
©1348 taken as 62,6 microsec for a 250 gm charge, at a value of 
W1/5/R equal to 0.216, the extrapolated peak pressure in free 
water is psi and the pressure-time curve is as shown in 
Fig. 2, plotted on a semi-log grid so that the exponential decay 
appears as a straight line. 


The solid line shows the pressure-time curve as it would 
be observed by a gauge of infinitesimal size, rising to true 
peak pressure, P,, then decaying exponentially, The gauges 
used in this study have a diameter of more than 1/4 in, 
including the waterproof wrapping. This finite diameter results 
in the recording of a finite rise time and therefore a lower 
apparent peak pressure, Pa. As seen in Table I, the average 
rise time for the gauges used in this study is about 8 microsee, 
shown by the dotted line in Fig. 2. Zero time is defined as the 
time at which the shock wave passes the center of the gauge. For 
these gauges the expected Pg is seen to be 3750 psi in free water 
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and the ratio P,/P, is 1.07. The ratio remains roughly the 

same for all values of wl/3/R used in this study, and it was 
therefore concluded that, had extrapolation been possible 

in the results here presented, the values of P, would have been 

7 per cent higher than the values of P, obtained. A derived 

peak pressure, Pp = 1.07 Pag, is therefore presented as an approxi- 
mation of Pp. 
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Fig. 2. Free-Water Pressure-Time Curve for 250 gm 
Pentolite Charge. 


3. Time Duration Measurements 


In the accompanying tables, computed values of shock-wave 
duration, t, are given as derived from acoustic theory. These 
values were obtained from the geometric configuration of the 
rig, as shown in Fig. 3, and are derived from the differences 
in path length traveled by the direct shock wave and the re- 
flected tension wave, assuming that both travel with the speed 
of sound, The experimental measurement corresponding to this 
value is called T and is taken as the time interval between the 
top of the rise line, at which instant the gauge is recording 
the apparent peak pressure, and the point at which the pressure 
returns to the hydrostatic value. For gauges small relative to 
the thickness of the shock wave, this corresponds to the time be-~ 
tween the arrival of the shock wave at the edge of the gauge 
farthest from the charge and the subsequent arrival of a steep- 
fronted rarefaction wave at that point. 
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Poi 
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Angle o 
incidence 


Tension 
front 


Fig. 3. Schematic Diagram of S -R os 
Wave Paths. g urface-Reflection Shock 


This measurement was chosen in preference to the time 
between the arrival of the wave fronts at the front edge of 
the gauge because the dropeoff due to the tension wave becomes 
gradual for increasingly oblique incidence and the choice of 
the point at which the normal free~water decay ceases becomes 
correspondingly unreliable, 


Even in the acoustic region, the time, Tp, of the tension 
cut-off is longer than the crossing time, Tg, of the initial 
pressure wave. 


(A) (B) 
Fig. 4+. Typical Pressure-Time Curves 
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Figure 4A shows, for example, a typical shock-wave record 
in the acoustic region, while Fig.4B shows the record at the 
same pressure level for a much more oblique incidence, Here, 
no measurement of Tp may be made since there is no apparent 
rarefaction front. With charge and gauges at the same depth, 
D, results were obtained for varying D. These are shown in 
Table I for those angles of incidence at which measurements of 
Tp were possible, 


TABLE I 
GAUGE CROSSING TIMES 


Average 
Tg 


V. RESULTS 
4. Low-Pressure Series 


Because the first series of shots was made in sea water with 
surface ripple always present, a charge depth of 2 ft and gauge 
depths of 1, 2, and 3 ft were used, these being the shallowest 
values at which depth variations due to ripple could be considered 
negligibly small. At such depths relatively large charge-to-gauge 
distances were required, to obtain small incident angles, & in 
Fig. 3, and -the pressure levels at the pote of incidence, S, 
were consequently quite low. Values for W 3/R at point § 
varied from 0. 364 (corresponding to a free water similitude 
pressure of 8200 psi) at an angle, «, of 51.2° down to 0.024 
(535 psi) at & = 3.8°. 


Experimental pressure and duration results obtained under 
these conditions show no great deviation from the values predicted 
by Kirkwood for pressure in free-water, or from the durations 
predicted by the acoustic theory. As shown in Table II, the only 
duration measurement that shows a significant difference 
from the acoustic value was obtained for the smallest angle of 
incidence in the series and the lowest surface pressure. On the 
other hand, the individual pressure-time records, of which repre- 
sentative examples are shown in Figs. 9-13 reveal curves that 
deviate considerably from the free water exponential decay 
pattern. Note, for example, how the decay curve varies for a 
2 ft gauge depth as the charge-to-gauge distance is increased, 
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causing w/3 7p and OQ to decrease. In Figs.9 and 10, QM is 
large and the records show a sharp pressure peak and a decay 
which is definitely exponential. For a smaller Q& (Figs. 1l, 
12, and 13) the positive peak is rounded off so that for the 
shorter durations the exponential nature of the decay is 
completely obscured. For shallow gauge positions the decays 
are even more difficult to reconcile with the usual records. 
Note the double peak on record 57-2 (Fig. 12) and the more 
nearly normal cut-off on 61-1, a subsequent record obtained 
with a different gauge. At such very short durations the finite 
diameter of the gauge must introduce some error and variations 
from gauge to gauge may be responsible for such differences. 


5. High-Pressure Series 


To obtain higher pressures at equally small angles of 
incidence, it was necessary to detonate charges much closer to 
the surface, and therefore all subsequent shooting was done at 
a sheltered fresh-water pond where the surface was generally 
perfectly calm. Here it was possible to maintain accurate 
charge depths as small as 4 in Charge-to-gauge distances 
were then feasible such that w./3/R at the surface point varied 
from 1.78 (similitude pressure, 75,900 psi) at g@ = 46.4° down 
to 0,326 (pressure, 6900 psi) at M = 7.6°, 


A. Varying Gauge and Charge Depths. With a constant 
charge-to-gauge distance or 5-6 in, a series of shots as 
completed for charge and gauges at the EY, depth, D, which was 
varied from 4 to 10 in. The value of wl/3/R at the surface point 
half way between charge and gauge varied from 0.382 to 0.429 
over this range of depths corresponding to a free-water 
pressure variation from 9400 to 10,200 psi. Thus, while the 
pressure did not change more than 8%, the angle of incidence 
was varied from 10.1° to 23.9°, Table III contains a summary 
of pressure and duration results thus obtained, and Figs. 5 and 6 
represent the results graphically. 


From these results it may be seen that at a depth of 4 in, 
and for an angle of incidence of 10.1° the derived peak pressure 
at the gaugs is only 0.70 of the free-water similitude value for 
the same W 3/R. For increasing angles of incidence, the pressure 
gradually increases to about 93% of the free-water value at 10 in. 
and 23.9°. Under the same conditions the measured duration at 
10.1° is 1.59 times higher than the acoustic theory predicts 
and as the angle is increased the duration approaches the 
theoretical value. For angles larger than 17° the experimental 
results approximate the acoustical values rather well, 


Figures 14 and 15 show typical piezoelectric records for this 
series of shots. These photographs show much less rounding off of 
peaks than was seen for the low pressure shots. The difference is 
doubtless due to the smaller diameter gauges used. These figures 
show how the decay curve becomes more and more exponential as 
is increased. 
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=o O— DERIVED PEAK PRESSURE FOR 250GM 
PENTOLITE CHARGE. 


Se FREE WATER SIMILTUDE PRESSURE 
(KIRKWOOD OSRD 3949) 


FIG. 5 
PEAK PRESSURE, Pm, PLOTTED AGAINST DEPTH, D, 


FOR 
CONSTANT CHARGE—TO— GAUGE DISTANCE, 45.6 IN. 


(WIR = 0.216) 
UVERL WOODS HOLE, MASS. 
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Ti 
(MICROSECONDS) 


—O—O—MEASURED T 
CURVE PREDICTED BY ACOUSTIC THEORY 


FIG. 6 


DURATION, T, PLOTTED AGAINST DEPTH, D, 
FOR 
CONSTANT GHARGE-TO-GAUGE DISTANCE, 45.6 _ IN. 
(ws /R =0.216) 
UERL WOODS HOLE, MASS. 
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B. Constant Charge Depth and Varying Gauge Depths. Because 


the deviation from predicted pressure and duration values is 
greatest at very shallow charge depths, there remains the 
possibility that part of the deviation, at least, is due to 
venting effects rather than to surface reflection phenomena. To 
shed some light on these effects, further shooting was done with 
the charge maintained 4 in, beneath the surface and with several 
different gauge positions. It would have been advisable to 
obtain records from gauges placed directly underneatu the charge, 
The mechanical difficulties involved prevented such a rig at 

this time, and instead gauges were mounted off to one side of 

the charge and 29 in. below it, as shown in position B in Fig. 1B. 
Records thus obtained are compared, in Table III, with those from 
gauges at the 4 in. depth. As is noted in the figure the point of 
surface in evidence for that part of the reflected wave which strikes 
the deeper gauge is much closer to the charge than the similar 
point for the shallower gauge. Therefore, the angle of incidence 
and the pressure are both considerably higher than for the 4 in, 
gauge position. 


In both cases the gauge pressures are lower than similitude 
values, but for the 33 in. gauge depth the measured duration is 
not significantly higher than the theoretically predicted value. 
This is particularly interesting in view of the fact that Table II 
indicates that, for changing angles and constant pressure, the 
duration starts to deviate from the theory at larger angles 
than does the pressure. 


TABLE IV 


COMPARISON OF RESULTS FOR GAUGE DEPTHS OF 4 AND 33 IN. WITH 
CHARGE DEPTH 4 IN., AND CHARGE-TO-GAUGE DISTANCE 45 IN. IN BOTH CASES 


wV3/p = 0.216 at gauge (similitude Pm = 4300 psi) 


x Pg [Average P,| Pp |Ratio Pp/Py 
(in.)1(°)] (psd) (psi) 


o ro 
(psi) (%) (microsec) (4%) 
4 |10.1] 9,700}2820 18.4} 3040]; 0.718 20.7 15.9| 1.77 
33 146.4|75,900)3150 9.4] 3370 


It may be noted that since the duration time of 90 microsec was 
ample, normal extrapolation techniaues could be applied. Hxtrapolated 
peak pressure was 3300 psi, differing from derived peak pressure 
by only 1.2%, and thus affording a check on the procedure out- 
lined in the analysis section. Shock-wave time constants could 
also be obtained from the extrapolation plots, and the average 
value obtained for this group of shots was 59.1 microseconds 


98.1 6.5 1.07 
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with a standard deviation of 6.4%. The time constant for the ” 
game charge in free water has been observed to be 65.6 microsec, ) 
Typical pressure-time records are shown in Fig. 16. 


C. Constant Charge and Gauge Depth and Varying w/3 7p. 
Additional Investigation into e nature of surface reflection 
phenomena from very shallow charges consisted of a series of shots 
made with both charge and gauge 4 in. beneath the surface but 
with charge-to-gauge distances changing fron 60 in. to an effective 
15 in., corresponding to a variation in w1/3/R at the gauge from 
0.164 to 0.657. The 0.657 value was actually obtained with 500 gm 
at a 5 in. depth and 19 in. charge-to~gauge distance, these 
dimensions being obtained by appropriate use of scaling laws to 
obtain the desired angle of incidence and peak pressure at the 
incident point. Typical records for this shooting are shown in 
Flg@... U7). 


Results, as shown in pate V and Figs. 7 and 8, indicate 
that for high values or W1/3/R the measured duration appreximates 
the theoretical value rather well, but for decreasing W / /R 
(and this involves a decreasing angle of incidence as well as 
a decreasing peak pressure) the measured duration becomes higher 
and higher compared with the acoustic value, Pressure deviates 
in much the same way from the similarity curve for free water, 
except that the deviation does not become as noticeable until 
wl/3/R drops to about 0.3. This is what might be expected from 
the results of Sec. A above, where, as the incidence becomes 
oblique the duration begins to deviate from acoustic theory, and 
only when the incidence becomeseven more oblique does the pressure 
begin to deviate from free water similitude values, 


VI. CONCLUSIONS 


Several conclusions may be drawn from the above experimental 
measurements of shock-wave peak pressure and duration, as measured 
by a piezoelectric gauge at some point beneath the surface in the 
path of propagation of both the direct shock wave and the reflected 
negative wave. 


(i) Whenthe peak pressure at the point of surface inci-= 
dence is low, 5000 psi or less, the shock-wave peak pressure 
conforms reasonably well to free water similarity law predic- 
tions, even for the smallest angles of incidence observed. The 
duration satisfactorily approximates the computed values ob= 
tained from the geometrical structure, assuming the shock waves 
to travel with the speed of sound, 


(11) For higher pressures, at the same angles of incidence, 
peak pressures are appreciably less than the similarity values 
and the difference increases with decreasing angles, Durations 
are larger than acoustic predictions, and the difference again 
increases for decreasing angle. 
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40,000| —OC—°—O-EXPERIMENTAL CURVE FOR 250 GM 

: PENTOLITE WITH CHARGE AND GAUGES 
4 IN. BELOW SURFACE. 

SIMILITUDE CURVE FOR PENTOLITE 

IN FREE WATER (KIRKWOOD OSRD 3949) 


wR (LBY/FT) 


FIG. 7 


PEAK PRESSURE FOR VARYING W!3/R WITH CHARGE 
AND GAUGES CLOSE TO THE SURFACE 
UERL WOODS HOLE, MASS. 
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7 
(MICROSECONDS) 


0.1! 0.2 0.3 0.4 05 06 07 08 0.9 
w'3/R(LB'Y FT) 


—O-—O- MEASURED T 
CURVE PREDICTED BY ACOUSTIC THEORY 


FIG.8 y 
DURATION, T, FOR VARYING W'YR 


WITH 
CHARGE AND GAUGES 4 IN. BELOW SURFACE 
UERL WOODS HOLE, MASS. 
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(111) As the angle is decreased, durations first begin to 
deviate from the theoretical predictions, and only when the 
angle is further decreased does pressure deviation become 
significant. 


(iv) If the charge is very close to the surface, there is 
a diminution of peak pressure even when the rarefaction cuteoff 
is steep. This may possibly indicate that some of the pressure 
effects might be due to venting of the gaseous explosion products, 


Although there is no theoretical formulation which covers 
these conclusions at this time, the general manner in which 
deviations from ordinary acoustic theory occur is in agreement 
with fae description of finite amplitude effects presented by 
Cole>), and the deviations are in the direction that Cole 
indicates, 


Throughout the results presented above, standard deviations 
appear which are higher than might have been expected, This 
would seem to indicate that the methods of measuring depths 
were not so accurate as was believed, or simply that the number 
of shots was so limited that significant results could not be 
expected, In any case, the need for further investigation is 
apparent. For example, additional work may enable one to define the 
boundaries of the noneacoustic region, and to describe the na- 
ture of the shock wave emitted by shallow explosions. 
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ABSTRACT 


The surface reflection of underwater shockwaves is a 
problem of non-linear mechanics of compressible fluids. The 
fact that the speed of sound behind the shock front is larger 
than the propagation velocity of the shock front is the reason 
that for certain conditions of reflection, that is for certain 
angles of incidence, the attenuation of the reflected (rare- 
fraction) wave propagates along the initial wave front, thus 
producing a range of distortion of the initial wave. 

It is shown that this range of distortion exists for 
any charge weight and charge depth, and that the geometrical 
conditions of this range are subject to the well known law 
of similitude of underwater explosions. 

The critical distance from charge to the point of the 
surface where this disturbance starts to travel along the 
initial wavefront is derived as function of the charge depth, 
expressing all distances in charge radii, that is in a non- 
dimensional scale. The boundary between this surface distur- 
bance and the undistorted propagation is calculated for a 
series of charge depths and a general rule is formulated which 
readily permits the derivation of this boundary for any charge 
depth. 

The comparison between this theory and the small mumber 
of experimental results evince agreement between theory and 


experiment. 


iii 


1424 


The investigations of the surface reflection for an 
underwater shockwave and of the condition where the Mayer. 
corner solution fails to describe the reflection are in certain 
ways similar to the investigations of the Mach effect. There 
the conditions, under which the reflection of a shockwave by a 
rigid surface can no longer be described by the two shock con- 
ditions of incident and reflected wave, have to be determined. 
The mathematical relation between the oritical angles of in- 


cidence for both cases is derived in the last section. 


iv 
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NOTATIONS 


specific volume 

= = density 

temperature 

temperature difference, passing the shockfront 
pressure 

pressure difference, passing the shockfront 


specific heat at constant pressure 


velocity of shockwave with amplitude 7 
speed of sound in medium in front of shockwave 
speed of sound in medium behind shockfront 


speed of flow of medium behind shockfront 


vil 
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<I 


distance from charge 
charge radius 
charge weight 
see Formula 9 


distance in charge radii 


angle between wavefront and normal to the surface 


critical. angle 

critical distance 

critical distance in charge radii 
charge depth | 

charge depth in charge radii 


depth of boundary of disturbance in a distance 
from charge 


y, expressed in charge radii 
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I. INTRODUCTION 


The reflection phenomena are complicated problems in 
acoustics or more general in the theory of waves. The usual 
solution for the linearized equations and infinitely extended 
plane waves being reflected by an infinite baffle is simple and 
well known. However, the exact solution of the reflection of 
spherical acoustical waves by the plane boundary of two mater- 
ials requires a complicated mathematical investigation. 

The situation:is more complicated for waves of finite 
amplitudes and shockwaves owing to the fact that the hydrody- 
namic equation can no longer be linearized. Exact solutions 
can be derived for the free propagation of plane shockwaves. 
The waves of practical interest, however, are spherical 
shockwaves; they cannot be treated without simplifying as- 
sumptions (Bethe, Kirkwood, Brinkley). 

The exact treatment of reflection phenomena of plane 
shockwaves present, considerable difficulities. The case of 
plane shockwaves, reflected by a rigid surface, has been inves- 
tigated by J. von Neumann (Ref. 1) and some calculations concern- 
ing the reflection of plane shockwaves from a free water surface 
have been carried out by Dr. Penney. 

A partial but interesting solution for the reflection of 

the spherical shockwave at a free water surface is given in the 


following. Only shockwaves produced by an underwater explosion 
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are considered, using the reliable experimental results obtained 
for the pressure distance decay of these waves (Section Tr) 
and the available theoretical investigation for the relation 
between velocity and amplitude for shockwaves in water (Sec- 


tion II). 
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II. BASIC THEORETICAL RELATIONS FOR 
SHOCKWAVES IN WATER 


Prior to formulating any discussion concerning shockwaves 
in water, the relation between pressure, temperature, and 
specific volume must be known. This relation is usually des- 
cribed by the equation of state which, in the case of water, is 
difficult to derive. Usually an approximate equation of state 
is applied, such as the one given by J. von Neumann in Ref. 1. 
For extremely high pressures an equation of state was derived 
theoretically for water by G. Burkhardt (Ref. 2) and correlated 
to the measurements of Bridgman. However, it is often possible 
to use initially the experimental data as presented, for in- 
stance, in Ref. 3 and derive the relation mentioned above. 

In Ref. 4 the following equation of state is used to de- 


rive the speed D of a shockwave in water: 
vevi(i+at-ki +fpar -tr*spe*) (1) 


The values for “~, k, ? ’ {, and Ph are given in Ref. 4 and have 
been derived from the original measurements of Bridgman. 7 is 
the difference between the pressure in the medium behind and in 
front of the shockwave, © the corresponding difference in temper- 


ature. It was found 


D ei a = a, C/+u7) (2) 
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with a, as speed of sound in the undisturbed medium and 
-5 -! 
é ORE Go's On al (3) 


In Ref. 4 a numerical value of 1.1 x lone at x was given 


for ea using earlier measurements only. 

In addition to D, the value for speed of sound in the 
medium behind the shockwave is needed. It can be derived in the 
following way: 

The temperature rise behind the shockwave front (see Ref. 4, 


page 9) can be derived 


ae Bele Na iz 
<p 


and therefore the medium behind the first shockwave can be des- 


cribed by the equation of state: 


oon (i eeeee she _ gyre (EE* - A 


2/2 
Since az = Ks) a » there is 
a 
baFian ® 192 nt goetn ora resien ABM 70? os 
as” Mihint fo 0 SeleMe i oe ED 
kK Cy K Cp & 


and with the above mentioned relation between v and Vo? 


ara, {i+ (2u- -k) 7} (4) 


The speed of flow behind the shockwave with an amplitude a can 


be found easily with the relation 7 = So toU ; 
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oo ) 
Fee ee za) ee SEE Ta,k (5) 
fo Lo <p 


It further is of general interest to know the speed of a 
shockwave propagating in the medium behind the primary shock. 
Designating the data behind the primary wave with a, , om | b 
etc., and those behind the second wave with & >» Xo > otc., 
the velocity pt of the second wave can be derived: 

ph =a, (1¢ “7 
with 7} as pressure difference between behind and in front of the 


second wave. 


Therefore s 
C/o a 

p} calf + (2u-k) Tf! EC RAE gn ye j 
b CF 77> 
ecause haat = Ne + ee w . Neglecting terms 7/7 we get: 

1 = = /2 ~ ops 7} 

D ay { ets oe da fi a (6) 
aed for tf =e 

ve ~k 7) 

D a, (/ t Of6-kK)D (7) 


Attention is called to the fact that p and a are 
speeds relative to the medium behind the first shockwave. Since 
this medium flows with a velocity u these velocities related 
to the medium in front of the first shockwave are obtained by 


veotorially adding u to pl and a. 
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The approximations used above are only correct for “small 
compressions", that means for pressures 7? = 500 at. as can be 
derived from the experimental data. But it will be seen that 
these relations are useful for handling the problems which shall 
be investigated. 

For higher pressures (500 at. < 7 ) the calculations are 
more difficult. Based on the theoretical equation of state de- 
rived in Ref. 2 the relation between shockwave velocity D or 
flow velocity u behind the shockfront and the amplitude 7 of 
the shockwave were calculated by G. Burkhardt (Refs. 2 and 5) 
and lator by W. Doering (Ref. 5). These relations are repeated 


in the following table: 


=2e 

Mies hg v D/a, u/a, SER a/a, 
0 15 1.0007 1.000 0 4.54 1.000 
1000 16.6 0.962 1.072 0.042 3.455 1.102 
2000 19 0.93524 1.145 0.078 2.763 1.195 
3000 ere 0.9091 1.206 0,110 2.235 1.286 
5000 29 0.8735 1.322 0.168 1.69 1.430 
7509 39 0.8403 1.447 0.230 1.255 1.597 
10000 51 0.8183 1.564 0.285 0.97 1.769 


TABLE 1: Amplitude and propagation velocity of a shockwave in water, 
as well as temperature T, specific volume v, velocity 
of flow u, compressibility of water and sound velocity a 
of medium behind the shockfront. 
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In addition to these data, Table 1 gives the compressi- 
bility of the medium behind the shockwave. This compressibility 
was derived from the tables presented in Ref. 3 for the differ- 
ent conditions given by 7 % and v in each line of Table l. 
The last column of Table 1 gives the value of speed of sound in 
the medium behind the shockwave; this velocity was calculated by 
using the derived data for ay and v for jeach shock pressure. 

All these data for D, a, and u are plotted in Fig. l 
as functions of the amplitude of the shockwave. The approximation 
formulas (2), (4), and (5) are plotted as broken lines. This 
diagram proves that the agreement between the approximations and 


the exact data is good for pressures up to 500 at. 
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III. EXPERIMENTAL PRESSURE DISTANCE RELATION 
FOR EXPLOSION SHOCKWAVES IN WATER 


The whole problem investigated here concerns underwater 
explosion shockwaves and their reflection by a free water surface. 
For that reason it is necessary to go into some details of these 
special shockwaves. The theoretical treatment of spherical shock- 
waves is complicated and only approximate solutions exist. How- 
ever, a great number of experimental investigations have been 
carried out to measure the shockwave parameters as a function of 
charge weight and distance from the charge. An important result 
of both investigations is the fact that a law of similitude exists 
which permits the pressure-distance relation to be plotted for any 
charge weight in a non dimensional scale, as for instance in ex- 
pressing the distance from the charge in charge radii. 

The results for pentolite have been summarized in Ref. 7. 
The experimental results derived from early piezo-electric measure- 


ments in the range from 1000 to 40000 psi were described by the 


formula 
: L/3 W:: lbs 
Garis 22500 ey) Mee Reet (8) 
% =e pst 


This formula is plotted in Fig. 2. 
In addition, the results of the spray dome method and of 
newer piezo-electric measurements for Pentolite (Ref. 7) are 


plotted in Fig. 2. The high pressure range had already been 
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measured using the spark camera (Ref. 4) and the results of this 
investigation are also presented in Fig. 2. 

All results are in good agreement. The solid line drawn 
in Fig. 2 therefore is considered as a pretty reliable overall 
peak pressure-distance relation for the underwater shockwave of 
pentolite. 

The results for TNT, which were summarized in Ref. 6, 
Diagram 4, are replotted in Fig. 2 also. They show that the 
estimation of the high pressure part by A.B. Arons and D.R. 
Yennie agrees well with the obtained overall behavior of this 
relation for pentolite. This curve therefore will be used to 
derive results for TNT. 

The pressure range from 6000-20000 psi for pentolite is 
presented by formula (8) and a similar formula exists for TNT. 
However, because of the curvature of the pressure distance curve, 
the experimental results in the range of distances corresponding 
to the approximation formulas (2) and (4) can be described with 


adequate accuracy by the simple formulas 


oat hes ae 
Pentolite w= tt, & — == = sé 0 peo a (9a) 
= ; = 
~ — Ie a 135 
TNT We wae fnre ex e a, Re OOO RK pga) (9b) 
OF Vs r ~ 
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IV. THE CRITICAL ANGLE 


If an infinite plane shockwave is subjected to an oblique 
reflection at an infinite plane free surface, the effect is 
usually steady if we move with a velocity of D/ces @ parallel 
to the surface. Herein D is the speed of the shockwave and @ 


the angle between wavefront and a normal to the free surface. 


INCIDENT WAVE 


SS, fot, o \ 


The undisturbed medium flows from the left to the right side with 
velocity D/cos@. The stream lines in the undisturbed medium 
are deflected through an angle fp when passing the incident 
wavefront. In the pictured diagram the flow velocity along the 


streamline is D/cos @ in the undisturbed medium and vt in 


medium behind the incident wave. v_ usual ly is larger than the 
speed of sound in the medium behind the shockwave as further in- 


vestigations show. Therefore the part of flow to the right of 


the incident wave in the above sketch corresponds to supersonic 


10 
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flow around a corner P, which is known as Meyer-corner (Prandtl 
and Meyer, see Ref. 8, page 243). The reflected wave therefore 
is a Machwave produced at point P. 
The problem which will be investigated here is not so much 
the pressure distribution behind this reflected wave but rather 
at what. angles of incidence this whole assumption ceases to be 


correct. It can be derived 


and therefore as conditions for the Mach angle 7 ~ /3r p14 


Ain (pry) = aes eee (10) 


v! U tm O 


It further can be found 


ep = Ut rm @ (11) 


D/eos @ —- wu cos @ 


From (10) and (11) an equation for 77 can be derived 
2 
(D-us*@) Amypos (Uu AN OrO)wmyp =-~a«s@® (32) 
This is a quadratic equation for sin7 and real solutions will 
exist with the exception of the case when the expression under 
the square root in the solution becomes negative. The boundary 


between both cases is given by: 


iat 
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(13) 
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@..4 is the critical value of © derived here, and 


shall be called the critical angle. As can be derived from 
(12), the normal solutions exist for @ > O. it - There are 
only imaginary solutions for © < O,, ++ which means that con- 
ditions for @ < Oi may not be considered steady. The 


physical sense behind that condition is that for @ < @ 


crit 


the 
reflected wave behind the incident wave is so fast that it prop- 
agates into the wavefront of the first one. 

In a pressure range O © 1% = 500emthe approximations 
(2), (4), and (5) for D, a, and u_ can be applied. Therefore 
Deri can be determined here by an explicit function. Combining 
(2), (4), and (5) with (13) gives 


I-( 


Con @ my (t(@a-k)7 


crt 


it(e-wi = Bet (14) 


DSc Me (+ lafa-k )¥ 
Considering the small value of a @ in that range of 
pressures, ©°~ O..¢ can be approximated by ON and it is 
found 
@° jznr 
es at 
crit he (14a) 
c} =_— 
O + =Q,.20 Fu ( ” in psi) (14d) 
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This formula agrees with the one derived by Dr. Penney (Ref. 9) 


who gives 


@ - a2 ir 


crvé 


( 7 in psi) 


For higher pressures, O can be derived directly for 


each pressure from (13) in using the data given in Table 1. The 


results which were obtained that way are summarized in Table 2; 


o 
W (at) 500 1000 2000 3000 5000 7500 10000 


° 
Os tiy p SUG 20 pude ebay u2042 . 62,0505 S5ceueD 
TABLE 2; Critical angle OES as function of shock pressure. 


These results are plotted in Fig. 3 and can be compared 
with the approximation (14). The curves show that the approxima- 


' 


tion is adequate (5% difference) up to 500 at. 


13 
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Vv. THE CRITICAL DISTANCE 


It is necessary to remember that all investigations in 


Section IV concerning the critical angle Os 


assuming plane waves. The case which is of direct interest for 


were carried out 


underwater explosion shockwaves is the propagation of a spherical 
wave. A small section of such a wave shall be approximated by a 
plane wave so that the results of Section IV can be applied. 

A spherical shockwave in water produced by a charge in the 
distance d from the surface propagates and hits the surface at 
first under @ = 90°. This angle of incidence decreases during 
the further propagation, the pressure in the wave decreasing also. 
Thus the intersection of wave and surface travels at first with 
c' soe, this speed c' decreasing to velocity of sound for 
@ =o. Ina certain distance corresponding to the critical 
angle the reflected wave will begin to travel along the primary 
wavefront and thus attenuate the peak pressure, if a critical 
angle exists. 

Before going into further details the critical case shall 
be investigated to determine if it always occurs for any charge 
weight and any charge depth. For this purpose a spherical shock- 
wave whose decay is given by Fig. 2 shall be considered. The 


critical angle defined by (14) is 


ead an a 2yi- (2 cw 
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which means that @ is a single valued function of the 


crit 
pressure in the shockwave. Assuming a chargeweight W with 


a charge radius tS and a charge depth d, there is 


d 
sin @ Cee 
crit ae 


with r as critical distance corresponding to the critical 


crit 


angle Oat Therefore the above equation for Gare can be 


modified: 


d a | oe 
mae {¢7) with T= 9 (Crt) (15) 


wherein g(r) is given by Fig. 2. This is the equation to de- 
termine the critical distance, that is, the distance from the 
charge to that point of the surface where the reflected (attenua- 
tion) wave just starts to propagate, along the primary wave front. 

A general remark shall be stated first. The critical dis- 
tance given by the general equation (15) meets the conditions of 
the general law of similitude, applied in underwater explosion re- 
search. If all linear dimensions are changed by the same factor 
n, then the pressure field for a charge with the weight W and 
n°W are the same. 

Starting with a charge in a greater depth, the pressure at 
the surface is low enough so that the approximations can be used: 


Le Neue ‘ 
—— a ie “a a Boi) ee ea 
% c ue : 2 Ret 


crcl 


Herefrom the critical distance is easily determined as 
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2 se 
ie = aca —> - a 
crit 2 i, % ordé aK Z (16) 
Applying (9a) and (9b) it will be obtained 
s ral 
Pentolite Peover t1008id (16a) 
¥ -¢ 
TNT Forit 7 0-6 4 (16b) 


These formulas show that there exists a critical distance even 
for large depths, that is, for small pressures at the surface. 
If the charge weight is kept constant and the depth d is de- 
creased, this critical distance decreases much faster because 
Yorit d* , Therefore we quickly approach a range where the 
approximations are no longer correct. 

For this reason it is necessary to control the range where 
(16) may be used. This is simply obtained in checking the assump- 
tions. Formula (16) is correct as long as T = alr 7p) < 500 at. 

If the initial peak pressure at the critical distance is 
larger, a general consideration is necessary. This general cal- 
culation for ee es function of the depth d is not difficult 
if the pressure-distance relations (Fig. 2) and the relations 
between are and the pressure (Fig. 3) are used. The relation 
between @ ares and Boete is given by sin @ = Or ae . 
All calculations will now be carried out in expressing all dis- 
tances in charge radii. The way of obtaining the derived relation 


between Tropy4 and d is as follows: Starting with a certain 


16 
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value of pews the corresponding pressure 7 4s derived from 
Fig. 2. Grae corresponding to this pressure 7 is taken 
from Fig. 3. The value which finally corresponds to the used 


value of r..34 is derived as d= Torit sin ees The results 


cri 
thus obtained are plotted in Fig. 4. They show that the approxi- 
mation formulae (16a) and (16b) are adequate for describing this 
relation for depths larger than 10 charge radii. This corresponds 
to a pressure at the critical distance of about 1000 at, which is 
about twice the limit given above. 

Regarding the initial question “if a critical distance 
always exists for any charge weight in any depth”, it has been 
found that this critical distance always exists for the shockwave 
of an underwater explosion thus giving a range of distance between 
charge and surface from this critical distance on to infinity, 
wherein the reflected wave propagates along the primary wavefront 


and attenuates its peak pressure. 
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SURFACE 


VI. THE RANGE OF DISTORTION 


For distances larger than the initial distance the attenu- 
ation (rarefaction wave-reflected wave) is traveling along the 
primary wavefront of the considered spherical shockwave. This 
attenuation will propagate farther as the shockwave propagates. 
For getting the mathematical formulation of this distortion the 


following case will be considered: 


d : 
t | 
P PRIMARY 
Us AVE 
WATER 


The shockwave is produced by a charge in a depth d 
(expressed in charge radii). The primary wave has travelled 
over a distance Fr (expressed in charge radii). A point P in 
a depth ¥(y¥ <4) shall be considered on the original wavefront 
and it is assumed that this point P just defines a point on 
the boundary between distorted and undisturbed peak pressure. 

The undistorted propagation of the peak pressure during 


a certain time interval dt is dr = Ddt . In that time the 
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disturbance travelling with speed a of sound in the medium 
behind the shockfront which flows with flow velocity wu has 


propagated from P to P, and this distance ds can be de- 


de = Vdt « dt {x vw @D + fa*- uw Am’ O 5 


The angle @ between ds and dr just has to be the 


termined as 


critical angle, derived in Section IV: if a free surface would 
have been produced along ds, the attenuation by the reflected 
wave would just have the same speed of propagation in this direc- 
tion as the point of intersection between incident wave and the 
imagined surface. Therefore it is easy to derive the following 


equations: 


[ : 
a t- & aa - say (17) 


Wh 


a= 


r 


N) 


fron = @ D-uye 
ESA i o Sy i-(®) 
(17a) 


Since a, u, and D are known as functions of the pressure 
7 , equation (17) can be considered as differential equation for 
y = y(r), that is, for the boundary of the range of distortion; 
the charge depth d is acting as parameter. 
A general solution of (17) will be difficult. However, 
simpler solutions can be obtained for the case 7 < 500 at, because 


the approximations(2), (4), and (5) can be used. If (9) and (14) 


19 


1448 


are applied, it will be seen: 


Ff VGR emp - mp 


and if y<«<d =, it is possible to simplify 


WA, 


ay = Ves ae = d 
Ee eae F (18) 


This can be integrated and gives 
yz ee 7 = / 
’ y 724% 4% Fae ~_d bre +€ 


Considering the condition y(r..;4) = 0, it will be derived 


g -2d{in -/- Gtr $ (19) 


with ns Te orst (19a) 


It should be remembered that this formula holds only for pres- 
sures 7 £500 at at the critical distance and for depths of 
that boundary of surface disturbance which are small compared 
with the charge depth (7 << d). 

For smaller charge depths, that is, for the range of small 
depths where the pressures are too high and the approximations 
therefore are no more correct, the boundary of the range of dis- 


turbance can be derived directly. This is not difficult if the 
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relation between charge depth d and critical distance (Fig. 4) 
together with the relations plotted in Fig. 2 and Fig. 3 are used. 
However, it is more convenient to investigate the following 
case first: A spherical shockwave, produced by an underwater ex- 
plosion, will be considered in infinitely extended water with a 
sudden disturbance (attenuation) produced at one point P, of the 
shockfront. The shockfront is chosen to correspond to about the 
highest pressure 7 for which the critical angle is known. Accord- 
ing to the above investigations, the disturbance begins to propa- 
gate in a direction differing by that critical angle @ from the 
direction toward the charge. If a series of spheres of equal 


—~ 
4 


wa =~ 
pressures “”,; -< “, are constructed, the sphere 2, is soon 


hit in Pp if we followed the direction given by @ = CPZ) 


CHARGE 
CENTER 


At PP. we would have to follow a direction inclined by 
O,= Osrit (#2) against the connection to the charge. 


However, this would not be the best approximation. We have 
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to choose a point Py,’ on the wavefront 7, so that starting 
with o, in Ee | against the radius of the shockwave, this 
direction just intersects with the line P,P, in the center be- 
tween P, and P5. Following this direction throxgh P,' out- 
ward gives the intersection Pz with the wavefront corresponding 
to 7. Now P,' has to be chosen so that the direction a. 
against the connection of Pz’ with the charge just hits the 
connection Py’ Pz in its center. In this way a boundary of the 
undistorted propagation is derived in non-dimensional scale be- 
cause all distances were expressed in charge radii. Thisresult 
is presented in Fig. 5, both for Pentolite and TNT. It can be 
seen that the range of disturbance gets greater for Pentolite 
than for TNT due to its higher pressure. 

Another way of obtaining these two curves could have been 
accomplished by using the fact that the pressure-distance relation 
for Pentolite and TNT as plotted in Fig. 2 is described by two 
nearly parallel curves. Therefore, if the pressure for a TNI charge 
of a certain weight W is given by OF as = f tr). the pressure 
relation for a Pentolite charge of the same weight W would be 
given by ia = f (r/org) with n> 1, thus permitting the sub- 
stitution of a Pentolite charge W by a TNT charge nw, However 
this would not be simpler than the way used here. 

With the curves Fig. 5 available it is now easy to determine 
the boundaries of the peak pressure attenuation for different charge 


depths. The fact that the well known law of similitude is correct 
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for that case here, also permits the elimination of the parameter 
“Charge weight" in expressing all distances in charge radii. The 
desired group of boundaries can be derived from Fig. 5 in putting 


the center (charge location) in different charge depths ad and in 


P SURFACE 


F/NAL BOUNDARY. 
FOR 
SURFACE DISTORTION 


ay 


Fig. 5) is turned‘ 
with charge as \ » \ 


center until it \ \ 7 
touches the surface \ \ 
(point P) \ S 

\ 


turning the construction Fig. 5 until the boundary curve given 
there just touches the surface. The group of boundaries obtained 


that way are plotted in Fig. 6. 
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VII. COMPARISON WITH EXPERIMENTAL RESULTS 


There is experimental evidence for small charge depths 
that the reflection of the underwater explosion shockwave is 
unusual (Ref. 10). There is a certain range of distortion 
wherein the peak pressure is smaller and the reflected wave 
arrives later than expected. The boundary between that range 
of disturbance and the free water propagation can be found for 
two conditions which were investigated in Ref. 10. 

In Fig. 7A the results of Fig. 5 of Ref. 10 are replotted. 
They were obtained for 250 gm Pentolite with a charge gauge dis- 
tance of 45.6" (r = 34.8) and different depths; charge and gauge 
were in the same depth. Using Fig. 6 the fact can easily be de- 
rived that the disturbance should reach the gauge only for depths 
d = 3.5 ,» that is for d= 4.6" under the test conditions. The 
results of Fig. 7A seem to give a larger depth; however, these 
measurements scatter considerably and were not obtained with the 
last gauge type (page 10 of Ref. 10). An estimated curve con- 
sidering this scattering of the peak pressures is plotted as a 
broken line in Fig. 10 and gives a critical depth of about 5", 
which does not differ greatly from the calculated value of 4.6". 

In Fig. 7B the results of Fig. 7 of Ref. 10 are replotted. 
These results were obtained for 250 gm Pentolite with gauge and 
charge in constant depth of 4" (a = 3.06) and different distances 


between charge and gauge. From Fig. 6 it was derived that the 
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disturbance should reach the gauge for r = 26.3, that is for 
34.4" under the test condition. This corresponds to Wr = 0.56 
which is marked in Fig. 7B and is in fair agreement with the ex- 
perimental results. 

A much better check of the calculations is possible if 
the following experimental result is considered which was pre- 
sented in Ref. 4 and which is repeated in Fig. 8. A spherical 
shockwave propagates from the lower side of the picture. A plate 
out of plastic material, hard sponge ebonite with cellular con- 
struction containing air bubbles and an overall density < 0.l, 
is arranged above the charge (see Fig. 8). When the spherical 
shockwave hits the plate, a sudden disturbance (attenuation) is 
produced in the shockfront which should propagate according to 
the theory described above. 

The observed wavefronts at that test are drawn as thin lines 
in Fig. 7; they are no longer circles but are additionally curved 
near the material presenting the surface. The attenuation propa- 
gates along the wavefront decreasing the peak pressure, thus de- 
creasing the speed of propagation. The evaluation of these wave- 
fronts results in the curves of equal peak pressure, which are 
dravn on Fig. 8 as solid lines. They show that a range of dis- 
tortion exists which increases with increasing distance from the 
charge. 

With the undistorted peak pressure known for different 


distances by the spherical behavior of the undistorted curves of 
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equal pressure, and using the known relation between critical 
angle and pressure (Fig. 3), it is possible to determine the 
theoretical boundary of the disturbance. This boundary is plotted 
in Fig. 8 as a broken line; the agreement between this theoretical 
curve and the observed facts is surprising. 

There is another test recorded with the spark camera which 
permits a comparison with the calculated boundary of the distur- 
bance. The test arrangement is shown in Fig. 9 which is an en- 
largement of a single picture of the taken series of 24 pictures. 
A charge is exploded in water below the center of a horizontally 
suspended bar out of the same hard sponge ebonite mentioned above. 
The sudden attenuation of the initial shockfront at the points 
where the shockwave hits the sides of the bar must propagate along 
the initial wavefront during the further propagation of the shock- 
wave. The range of the disturbance should be in agreement with 
the calculations which were carried out in the above section. 

Enlargements of the single pictures of the taken series 
were prepared and the spherical shockwave drawn on each of them. 
The radius was chosen to fit the outer parts of the wavefront 
(Fig. 9). The range of disturbance must show up in these pictures 
as deviation from the spherical shockfront because the lower 
pressures in the range cf disturbance correspond to a smaller 
velocity of propagation. These points where the observed shook- 
fronts begin to deviate from the circles were marked on each en- 


largement and all of them transferred to Fig. 10. They determine 
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the boundary between disturbance and undistorted propagation. 
It should be noted that a more complete determination of that 
boundary over the curves of equal pressure was not possible for 
this test because a time scale had not been recorded. 

The theoretical curve is drawn also in Fig. 10. It was 
derived from the known charge weight and the distances assuming 
a spherical charge (instead of the cylindrical charge which was 
used) and neglecting the difference between Pentolite and the 
used Tetryl. The agreement is good. 

It is interesting that the consideration concerning the 
range of disturbance can be applied to another problem. In Ref. ll 
the pressure distribution around a cylindrical charge in water has 
been determined. It could be shown that the curves of equal pres- 
sure initially are parallel to the charge surface and that this 
parallel part gradually becomes smaller for smaller pressures due 
to the propagation of disturbances produced at both ends of the 
charges and propagating along the wavefront. A theoretical boundary 
for the propagation of the disturbance could not be derived because 
the critical angle has only been calculated for pressures up to 
10000 at. (pressured up to 50000 at. occur here), but mainly because 
of the fact that the detonation wave has to propagate over a certain 
length of the cylindrical charge before the detonation becomes 


steady. 
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VIII, THE RELATION TO THE CRITICAL ANGLE FOR 
REFLECTION AT A RIGID SURFACE 


The conditions for the beginning of the surface attenua- 
tion of the initial shockwave are due to the failure of the Meyor 
corner solution. The treatment of the reflections of a shockwave 
at a rigid boundary is similar: the condition has to be found 
when the reflected shockwave just begins to travel along the 
initial shockfront; that is, when the usual assumption of inci- 
dent and reflected wave are no more correct. 

The difference in solving the two problems arises from 
the fact that for a surface reflection the propagation velocity 
of the reflected wave can be assumed to be the sound velocity of 
the medium behind the incident wave. For the reflection from a 
rigid wall the pressure behind the reflected wave and therefore 
its velocity of propagation is unknown. For this reason an 
additional condition has to be applied: the flow behind the 
reflected wave must be parallel to the boundary. 

The problem can be solved in using the following picture. 
The incident wave (1) with an amplitude @ = P27 anda 
velocity D has an angle of incidence @ , the reflected wave 
(2) with an amplitude @ ’ © P,-f2. anda velocity D' in 
the medium behind the incident wave has an angle @ vetween 
wavefront and a normal to the boundary. The initial conditions 
are 7% , (SF and flow velocity u, = 0. Behind the incident 


shockfront there exists joe ; 2 and flow velocity u in direction 
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vertical to the incident wave; behind the reflected shockwave 
there is 2-73, *™$s and uz *u! vertical to the front 


of the reflected wave. 


INCIDENT 
WAVE 


REFLECTED 


WAVE 


BOUNDARY 


The two conditions, which have to be satisfied, shall be con- 
sidered now. 
(a) The velocity of the intersection between incident wave 
(1) and boundary has to be equal to the velocity of the 
intersection between reflected wave (2) and boundary. 
The reflected wave travels in a medium which flows 
with a velocity + u cos(@+@!) vertical to the re- 
flected wave. The velocity for the observer at rest 


therefore is D' ¢ u cos(@+@!) and therefore 


D'+ u cos(@1Q') D 


cor ©!’ wn @ (20) 
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(b) The second condition is that the medium behind the 


reflected wave flows parallel to the boundary also: 
: , 
Wn Os Ue Ae @ (21) 


All investigations for this effect shall only concern low 


pressure ( W < 500 at). Then these two conditions can be com- 


bined with the relations (3), (4), and (5). If we designate 


(22) 


it will be “ound 


De a(lipr) 
VC Cece aa7 ; 


/ 
a7), = (tlio -hWig M7) 
aale ap Was os 
ul =akan'(' (Ark) 


Combination of (23) with (20) and (21) together with the 


f 
fact that @ and @ for that range are small, zives: 


,-2e) pa 

/+( 2h - k)T+eean ‘Kr 0) (20a) 
/ 2 
7 ae ee cee 


(21a) 


7@ =~ 7TO'(l- (er+w7) 


(20a) can be transformed and finally gives: 


Ore 7) - 2 ied f- L deT- ke ao Q (24) 
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wherein the noted terms can be neglected: 


u 
a 
2 


, 
A a eT - = =o (25) 
Making the same neglection as for deriving (25), it is found 


from (21a) 


@'-£@ x 


These two equations (25) and (26) correspond to (20) and 
4 
(21) and combining them, the following equation for @ as func- 


tion of @ is found: 


= () 
@ -@O@ +247 -0o (27) 


which has only real solutions as long as 


2 


+ 


- 247 20 


Therefore the assumption for these calculations, that is the 


incident and the reflected shockwave, is only correct for Os @ 


AT 
with 
= . Tr 
2 ea (28) 
Combining (28) with the formula (14a) for the critical 
angle at a free surface reflection, it will be found 
@. =aic (29) 


A Crié 
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This is in good agreement with the result of J. von 


“Neumann (Ref. 1) who gives 


fa} = ‘ 
@, ~ 157 Ye, 


while it was derived here 


2] — ~ 
Oe atyl,. =/5! a, 


According to the critical distance Ee for reflection 
of an underwater explosion shockwave at a free surface, a critical 


distance can be derived for the reflection at a rigid boundary: 


Ps 
@ vorit (30) 


which is correct only for small pressures ( 7 S 500 at) also. 
A general result, which was derived by J. von Neumann in 
Ref. 1 can easily be reproduced here: 


Combining (25) and (26) gave (27), and it was found 


i (@) ~ 
ee hr a 


The minus sign for the root gives no physical sense and 


is neglected. This result can be transformed with (28) and gives 
_({ Om 
Ori 2 (tay! (37) 


and 2 


fi ee NEN SOL ge 
+¥/-(2) 


7 «= 
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For a plane shockwave with a fixed small amplitude 

( Wo< 500 at) and smaller angles of incidence it therefore 
can be derived that @ sa 7 and, @'& © as long as 
@ is much larger than @),, , that is, as long as @ is far 
off from the critical Mach angle. The more @ approaches 
@, » the more a falls off comparied with @ and the more 
WF increases. For @ = & @,, the difference is still 
only 10%. But for the critical case @ = ®,, it is found 
@‘= =F and #7 +27. The derived theory no more holds 
for @© >@,, that is for the range when a Mach wave (Bridge 


wave) occurs. 
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Abstract 


The theory of oblique reflection of low amplitude 
exponential shock waves is considered in more detail than in 
the preceding report (NavOrd 424) and is extended to include 
higher order reflections in shallow water. Errors arising from 
use of the plane wave approx niaton are discussed. 

Recently published data on the attenuation of harmonic 
sound waves in sea water are used to develop a theory of the 
effect of viscous attenuation on the front of a shock wave 
propagating over long ranges. Crude correction is made for the 
compensating effects of finite amplitude. 

Experimental data on impulse and energy flux at long 
ranges are reported. The energy dissipation is analyzed in 
terms of the theory of viscous attenuation and an attempt is made 
to account for the siope of the pressure-distance curve. 

Experimental data on negative gauge pressures in surface 
reflections are reported and analyzed in terms of a new treatment 
of the expected region of bulk cavitation. The data indicate a 
very low value of the "breaking tension" of sea water. 

An improved microcoulometer circuit for the calibration 


of piezoelectric gauges is described. 
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I. Phase distortion associated with oblique 


reflection from the sea bed. 


Introductione 

1.1 A preliminary discussion of critical angle effects and phase 
distortion of low amplitude exponential shock waves upon 
reflection from the sea bed was given in NavOrd Report No. 424. 
Since publication of this report, the theoretical analysis has 
been improved, extended to include multiple reflections, and 
examination of the experimental records has been completed. 


The results of these investigations are described below. 


Revised theory of critical angle reflection of transient wavese 
2.1 Figure 1 defines the notation for angles of incidence and 
reflection, properties of the adjacent media, pressure wave 
parameters, etc. Using the notation and development given in 
Sections 4.4 through 4.7 of NavOrd 424, we have for the incident, 


reflected, and transmitted waves at angles exceeding the critical: 


(\ 


P: Fe exp [6wlt- ox, +3, 4)/ ) (1) 
ie 


Pa 


i Cx fP [iwlt Gee 0 4) ] (2) 


us EXP [ewe a) + tol S, 


It will be recalled that since region 2 is one in which 
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Region (a) 
Density p, 
Sound Velocity C, 


yo plane 


Region (2) 
Density paz 


Saund Velocity Ce ren 


1 alfecee a 
Oblique reflection of a plane wave at a plane interface. 


@,- angle of incidence and reflection. 
®,s angle of refraction 
P:» Pe» P, incident, reflected and refracted wave 


trains respectively. 
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y is always negative, Gz was set equal to fel or to make the 
real exponential term of eq. (3) tend to zero as y—» —o%O , 
For the same reason one must then use / W ]} rather than & in 
the same term. 


The boundary conditions to be satisfied are: 


an ae (4) 
WANG Pap ie ed, 


(2G Seana 


al y= ‘e) 


(5) 


2.2 Application of these boundary conditions leads to the 


following expressions for the incident and transmitted waves: 


Pe reespiec(e- aie 97) ) <2 (oi aaa 


P 2P. Cos € exp)ewo(t-a,x) ¢ [2/6 fw + al | (7) 

It will be seen that the factor /w/ |v enters through 
the differentiations with respect to y in equation (5). This 
factor is simply set equal to unity in Rayleigh's treatment! ana 
in Navord 424 since in the consideration of harmonic wave trains 
negative values of W have no physical significance. 

In the present treatment, however, we wish to apply the 
phase shift of equation (6) to the Fourier spectrum of an 


exponential transient and to do this by utilizing the general 


-~j3- 
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complex Fourier integral in which integration over the parameter 
@ is carried from minus to plus infinity. For this treat- 

ment we may no longer regard « as a simple positive quantity 

and must take account of the change in sign of the phase shift 


indicated by equation (6) for negative values of i. 


2.3 Suppose the incident wave is now given by the general 


form? 
-Y2 
fri (t) = (a7) “| pee exp(cut) Aw (8) 
where 


Pow) = er)"| Re) exp (wt) ae (3) 


Applying the phase shift indicated by equation (6), 
[- 2) 


pt) : Cen) | glu) exp (Cut r Cable fu) des (0) 


From which it follows, upon substitution of the trigonometric 
form of exp (21 € / wv) » that: 


ple) iS ples Cos KE + F(t) Sye Ae (11) 
where a) 
Fle) = (eT) "| £tel pies) exp(iwt) de 
= era je (12) 


— od 
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The problem is further simplified by replacing the 
term peop fw with the Dirichlet discontinuous factor 


expressed in the form 


ee —|,w<o 

=| -/ i 
cake ore x exp(cwx)de =}o0 wero 
ta = P G ye PL j , (13) 
tee — 06 +l, woo 


The symbol aE stands for "principal value." Equation (12) 


then becomes 
co 2) 
“¢, ' 
Fle) - (27) ™ P a | plu) exp LE wlerx)/ A® a4) 
-oo a) 


and the problem reduces to the evaluation of the double integral 
F (t) for specific cases in which (w) is aveilable. 


In the case of an exponentially decaying shock wave 


oO 7 ce (2) 


? 


2At 
P. Cian: } (715) 


Al) 


tT2O 


i (16) 
Cer)” (Ar eu) 


ple 


Substitution of (16) into (14) and evaluation of the complex 
integral in © by standard methods of contour integration 
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gives: 
ro) eee. 


she 
Ne: E Ax 
Flt)= WE Wa x (17) 
fie 


The principal value of the integral in equation (17) is identical 
with the negative of the "exponential integral” defined and 
tabulated in reference 3. Thus 


vi (ap olie) (18) 


Vesa PT € 
If a higher order reflection undergoes more than one 

reflection from the bottom at the same angle of incidence, the 
total phase shift to be applied in equation (10) becomes 
ané / w/o where N is the number of times the wave has 
been reflected from the bottom at an angle of incidence corres- 
ponding to the shift € . Each time the wave is reflected 
from the free surface it undergoes a complete inversion; thus 
if M is the number of times the wave has been reflected from 
the surface, the general expression for higher order reflections 


becomes, analagous to equation (11), 


Pear (t) = (-/ ie i (tb) cos 2WE + Flt) Sina ( (19) 


2.4 Conservation of energy. The energy flux in the incident wave 
is given by 


-/ 2 
eh ate ves a (20) 


or, using Plancherel's theorem’, 


of 


Z.s acl“ pce!" Aw (21) 


—od 


Using equation (10), the energy flux in the reflected 
wave is given by 


6 GAS pen ep C219 |* deo 
ge” f | pcvs)]” Aw (22) 


Comparing equations (21) and (22) it is seen that: 


E, = 5. 
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Equation (22) also shows that despite the distortion of the shape 


of the pulse, the distribution of energy in the Fourier spectrum 


remains unaltered upon reflection. 


2.5 The preceding development, leading to equation (18) is 


simply a more elegant and rigorous treatment of the material 


~T- 


Se 
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covered in NavOrd 424. The derivation of equation (19) extends 
the treatment to include higher order reflections. 


Experimental verification of the character of the phase distortion. 
3.1 Experimental pressure - time curves were obtained by 

cathode ray oscilloscope recording of signals from tourmaline 
piezoelectric gauges>. The overall, effective high frequency 
response of the system depends upon the size of the gauge, 

which in turn is selected on the basis of expected pressure 
amplitude and corresponding sensitivity requirements. Gauge 
diameters varied from 1/2 to 1 inch, and it is estimated that 

the frequency at which the response would be down to 70% of 
midband would be 30 and 15 ke. respectively. (The high frequency 
response oft the amplifiers was known to be much higher than tnat 
of the gauges.) 

Cathode follower preamplifiers were used to obtain high 
input impedance. The low frequency response was determined by 
the overall time constant of the oscilloscope amplifier and is 
estimated to be down to 70% of midband at O.1 cycle per sece 

The experiments were performed with 1/2 1b. pentolite 
charges and 25 and 55 lb. TNT charges in Vineyard Sound off 
Naushon Island near Woods Hole. Gauges were placed at a depth 
of about 25 ft. below the surface; charges at about 40 ft. Heavy 
tidal currents in this region insure rapid mixing of the water, 
which was always found to be very nearly isothermal over its 


average depth of about 70 ft. 


~ §u 
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The bottom of Vineyard Soud in this region is of firmly 
packed sand and is relatively smooth. Fathometer traverses show 
fairly gradual rise and fall of the order of 5 to 10 ft. over 
horizontal distances of the order of a few hundred feet. 

The range, or horizontal distance between charge and 
gauges, was obtained by timing the interval between charge 
Getonation and arrival of the primary shock wave at the gauge 
position. This time interval was then converted to distance by 
using the value of sound velocity in sea water of the salinity 
and temperature obtaining at the time of the experiment. 


3.2 Sample experimental records for a variety of conditions are 
shown in Figures 2 and 3. The first event on all of these records 
is the incident exponential shock wave; the subsequent distur- 
bances are reflections of successively higher order. In Figure 
3, the emphasis is placed upon the comparison of theoretical and 
experimental curves for the first bottom reflection, denoted by 
BR, for various angles of incidence. It is believed that the 
critical angle for total reflection Ue) is about 58° for these 
experiments. Taking the density ratio fa /P, to be about 2.7%, 
the velocity ratio Co/Cy appears to be roughly 1.15. 

The theoretical curves in Figure 3b are plotted at 15° 
intervals of the angle E€ . The adjacent experimental curves 


% 
Information supplied by Dr. Henry Stetson of the Woods Hole 
Oceanographic Institution. 
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FIGURE 2 (cont'd.) 


COMPARISON OF EXPERIMENTAL AND THEORETICAL PRESSURE-TIME CURVES INCLUDING HIGHER ORDER REFLECTIONS. 
DATA: TIMING WAVE ON EXPERIMENTAL RECORDS = Oke 
THEORETICAL RECORDS: ASSUMED DENSITY nario, £2 +2.7 ASSUMED VELOCITY RATIO, 21.18 
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FIGURE 3 


v_neene eee rer a ee ee ee ee 


grnee* SR BA 


at —- 


Ee90° 
qe e7.se fenton FIGURE Se. FIGURE 3b. 
PRESSURE-TIME RECORDS SHOWING DISTORTION OF BOTTOM THEORETICAL PRESSURE-TIME CURVES FOR BOTTOM REFLECTION 
REFLECTION WITH INCREASING ANGLE OF INCIDENCE OF AN EXPONENTIAL SHOCK WAVE. 
©, : ANGLE OF INCIDENCE AT THE SEA BED yt 
BR: BOTTOM REFLECTION 


INCIDENT WAVE: pe © 
REFLECTED WAVE: ps» fcos2e + Fsin2e 
PHASE SHIFT FOR VARIOUS ANGLES OF INCIDENCE: € 


SR: SURFACE REFLECTION 
TIMING WAVE: IO KC. 


12 


1489 
were selected because of their resemblance to the theoretical 
ones rather than on the basis of known apriori values of Cans 
An objective mathematical method of analyzing the experimental 
curve to obtain the experimental E has not been successfully 
developed, and at this time it is only possible to guess at the 
angles by qualitative comparison of the shapes of the experimental 
and theoretical curves. 

Figure 3 illustrates the very close agreement between 
theory and experiment as to the progressively changing shape 
of the first bottom reflection with increasing angle of incidence, 
including the complete phase inversion predicted at glancing 
angles. 

Figure 2 compares theoretical and experimental curves 
for an entire record of several milliseconds duration. Here 
account is taken in the theoretical curves of the superposition 
of the various reflections which follow closely upon each other 
and of the cumulative phase shifts taking place in higher order 
reflections undergoing more than one incidence at the bottom. 

The theoretical curves are calculated using the assumed 
values of 2.7 for © /é » 1.15 for C,/C,, and the values of 
QO, for the various reflections to establish the values of eG OK 
The values of 6, for each reflection are obtained from the 
geometry of the particular experiment. (The shupes of the curves 
are not critically sensitive to the value adopted for Co/Cy so 


that a comparison of experimental results with theoretical shapes 


= Lie 
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would not afford a good, critical method of selecting the velocity 
ratio.) 


3.5 The striking measure of agreement between theoretical and 
experimental curves in Figure & affords added confirmation of 
the predicted effects of the phase distortion. It must be 
remembered that the theoretical analysis assumed (1) plane 
rather than spherical waves, (2) smooth, plane, horizontal, fluid 
bottom rather than the actual sloping, undulating semi-solid 
one, (3) purely exponential decay of the primary shock wave, 
whereas it is known that the decay is exponential only for an 
interval equal to the time constant and then proceeds much more 
slowly. 

It is not surprising, therefore, that various 
discrepancies can be detected upon closer examination of 
Figure 2. Some reflections seem to disappear on the experimental 
records; others differ appreciably from the predicted shape; in 
some cases there are appreciable discrepancies in arrival times. 
All of these discrepancies could reasonably stem from errors 
in our knowledge of depths and ranges and from deviations from 
the idealized model assumed in the theoretical analysis. As 
would be expected, agreement between experimental and theoretical 
curves becomes poorer with increasing order of reflection. 

Many records were obtained in which the peak of the 
first bottom reflection was considerably higher than that of 
the incident shock, and much of the true peak may actually be 


- 1b. 
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lost because of the limited high frequency response of the 
recording system. The theoretical peak pressure of the 
reflected wave is infinite since, in equation (18), Pr as t 
——s O. This singularity is associated with the assumption 
of a mathematical discontinuity (perfect shock) in the incident 
pressure wave. For a shock with a finite rise time, the 
reflected peak would be finite. Even in the case of mathematical 
discontinuity treated above, energy conservation is not violated 
since the function Pr is of integrable square as shown in 
Section 2.4. 

The high experimental peaks attest to the effect of the 
steepness of the shock front even though the rise time is 
actually finite. 

The slowly rising precursor which leads the peak of the 
reflection is associated with the propagation of a certain amount 
of energy through the reflecting medium at a velocity higher than 
that of the primary medium. In the plane wave treatment, the 
precursor starts rising at -00 since the plane wave must 
essentially be considered as originating at an infinite distance 
(or time) from the point of observation. For a spherical wave 
originating at a given point source, the precursor would start 
at a finite time before arrival of the reflected peak, the time 

terval being determined by the least time path connecting the 


origin and point of observation. 


3e4 In cases of shallow layer propagation, successive higher 


ay Bees 
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order reflections from both boundaries will follow the primary 
Wave. The case of interest here is one in which the lower 
boundary is a plane, horizontal sea bed as treated above, and 
the upper boundary is the free surface of the water. Since the 
sound velocity in air is lower than that in water, the surface 
reflection does not involve any critical angles or phase shifts 
other than the usual acoustic inversion at the free surface. 
(Finite amplitude effects introduce their own complications, 
which are not considered in this treatment.) 

The various higher order reflections will in general 
undergo more than one reflection from the sea bed. For example, 
the reflection designated by the notation M = 1, N # 2 undergoes 
the following sequence before reaching the point of observation: 
reflection from the bottom, reflection of this wave from the 
surface, and again a reflection from the bottom. The reflections 
all take place at the same angle of incidence, and the resulting 
pressure wave is given by equation (19). 

Equation (19) makes apparent the cumulative nature of 
the successive phase shifts. For example in the case of reflection 


M21, N= 2, cited above, equation (19) becomes 


Per = =f (t) cos 4€ - F(t) sin Fé (23) 


If the geometry and acoustic properties are such that 
& = 45°, equation (23) reduces to 


Paar @) = vig (¢/ 2 (24) 


= 16— 
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and this particular reflection is identical in form and 
amplitude with the incident wave, the various phase shifts and 
inversions having neutralized each other exactly. In general, 
of course, the cumulation will be such as to give more or less 
distorted forms depending upon the geometry and other para- 
meterse 

The experimental record in Figure 2b illustrates a 
case in which cumulative phase shift produces a reflection, 
Ms=i1,N = 2, which is an almost perfect reconstruction of the 


incident shock wave. 


3.5 The changing character of the wave with increasing range is 
also illustrated by the sequence in Figure 2. It is seen how the 
reflections become more distorted and how they increasingly 
interfere more strongly with each other and with the primary , 
shock wave as all the superposed disturbances get closer and 
closer together. 

The increasing interference is, of course, a consequence 
of the spherical nature of the waves, since in the case of truly 
plane waves "range" would have no meaning and the time intervals 
would be fixed by Qo, and the position of the point of observation. 

At very large ranges so many higher order reflections 
would overlap and interfere with each other that the simple 
treatment developed above would no longer be useful and the 
resultant wave would be better described in terms of the normal 


mode analysis of Pekeris®, 
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Figures 2d and 2e illustrate this increasing com- 
plexity at very long ranges. (One theoretical curve in 
Figure 2d and the theoretical curve in Figure 2e are plotted 
on the assumption that all orders of reflection take place 
at glancing incidence, without entering into the detailed 
calculations required to account for the actually expected 
phase shifts.) It is evident that even in Figure 2e, where 
many processes have probably participated in changing the 
character of the wave, there is still a general correspondence 
between the principal features of the experimental and theor- 
etical curves. In the experimental record, the primary shock 
wave shows evidence of having been cut down by the finite 
amplitude effects discussed by Keil; viscous attenuation and 
gauge size have also played their parts, and as a result the 
initial portion is very much lower in amplitude than the linear 
theory predicts. The highér order reflections, however, are 
of the expected amplitude and show the gradually increasing 
amplitude of oscillation predicted by the theory. 

The marked rounding and smoothing of the wave which 
is apparent in the experimental record in Figure 2e is too 
strong to be ascribed entirely to viscous attenuations and 
gauge size effects. At least part of it must probably be 
ascribed to absorption or inelastic losses in the various re- 


flections, etc. 
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The treatment developed in this paper affords a detailed 
description of the progressive changes taking place in the 
pressure wave during shallow water propagation between the region 
close to the charge, discussed by R. H. Cole’ » and the very 
long range effects treated theoretically by Pekeris®, and 
experimentally by Ewing® and his co-workers at Columbia 
University and the Woods Hole Oceanographic Institution. 

It should also be noted that when acoustic pulses 
are reflected from media of greater sound velocity at angles 
exceeding the critical, it is no longer possible to attach 
meaning to any single quantity described by the term "reflection 
coefficient." The reflection of the pulse so distorts its 
shape and amplitude that descriptions in terms of reflection 
coefficients become virtually useless. 

It is somewhat surprising to find that the naive 
approximation of the bottom as a fluid medium proves as successful 
as it does in predicting the experimental curves. In this 
connection it is interesting to note Dr. Ewing's observation 
(privately communicated to the authors) that even limestone 
bottoms are more successfully treated as fluids than as solids 


in his very long range experiments. 
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4. Alternative treatment of plane wave reflection as a boundary 
value problem. 
4.1 It will be noted in the harmonic wave solutions (eauations 
(6) ana (7)) that 7 and xX always appear in the combination 
( &—e,X ) where &, = Cas Sin @, . Thus the wave pattern as 
a whole moves in the direction of increasing x with a 
velocity G/s/n®6, . 

Since we are interested in pulses rather than in 
harmonic wave trains, we are led to investigate the conditions 
under which a more general pressure field may be propagated 
with constant velocity parallel to the surface of discontinuity. 


Such a pressure field may be written in the form: 


Pi tPr 22 4(y, 6,0 - -x) 2 fF (Gy) 
gi ies SHED Ct fa) = Gy: %) (25) 


where “ue Ot-fx 


The pressure fields in regions 1 and 2 must satisfy 


the wave equations: 


(Sy Bat 
ns 2 (26) 
V ‘pz = Lh O a 
Cae 
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Combining equations (25) and (26) we have: 


oy 2 par (27) 


on (28) 


4.2 Considering the situation in which Co > Ci there are 


three distinct cases for which the equations must be solved: 


Case (1) : / PQS HF 
Case (e)) ba te ee Se See 
Cases) > foS> | .= Cyes 


Comparison with the previous derivations shows 
that , corresponds to the sine of the angle of incidence, i.e. 
g = sin 8 - In case (1) both equations (27) and (28) are of 
the hyperbolic type; physically this corresponds to the situation 
in which 8 is less than the critical angle since i is less than 
C,/Cp- The solution for case (1) must therefore prove to be the 
usual undistorted acoustic reflection. 

In case (2) eauation (27) is hyperbolic while 
equation (28) is elliptic. This corresponds to the situation in 
which @, lies between the critical angle and 77/5, and the 
solution corresponds to that developed in Section 2 above. 

In case (3) both equations (27) and (28) are 
elliptic, and do not describe any real physical situation since 
sin 6, exceeds unity. (It can be shown also that the only 
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possible mathematical solution for this case is the trivial one 
of zero pressure throughout the system.) We are therefore con- 


cerned only with cases (1) and (2). 


4.3 Mathematical solution of case (1): Since both equations 
(27) and (28) are hyperbolic, a general progressive wave solution 


may be written down at once. 
f(y, 4) = fy (uspg)t A, (>, g) oe 
MOG Os a7? whale 


where 


it 


er fas’ totys (31) 
2 = 2 9 
wai Wo 6a 7 ee (32) 


and where fi, fo, g, and Bo are arbitrary functions. 


al 
Making use of the boundary conditions given by 


equations (4) and (5): 


Lapp hl) = Glo O.te (33) 


LE aku) _ at, oro? Age) _ Gey 
Ou (34) 


( An ape 


Integrating equation (34): 


ALLE Lape # po)f aa gatp] 28 
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The constant of integration in equation (35) has 
been set equal to zero since it does not represent any progressive 
wave solutions. 
Eauations (33) and (35) provide two relations among 


the four functions fi, fo, and & Thus two of these functions 


2° 
may be arbitrarily assigned and the remaining two expressed in 

terms of them. To realize the condition of plane wave reflection 
under discussion, we set Be = O and let ish represent the incident 


pulse given by 
fe = 4(Gt-g% yoy? (36) 


The reflected and transmitted waves are then obtained by 


simultaneous solution of equations (33) and (35): 


(Cte) ae = ee, 37 
frlGt-t* 44) ada (37) 


iz Gt -p* Ag) Boas 7 (38) 


ra 
eae 
kk 
where Wie = COS 8, Bie 
= & cos 8 oy 
Jeter a 


These are the familiar results of conventional 
acoustic reflection theory and have been developed principally 
in order to illustrate the nature of the present mathematical 
treatment. 


eb eave 
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If we were interested in the case of a plane wave 
progressing from a medium of high to low sound velocity, we could 


See F; = 0 and express g, and f, in terms of gg. The results 


zg 
would be analagous to equations (37) and (38). 


4.4 We now consider case (2) where equation (27) is hyperbolic 
while equation (28) is elliptic. The latter equation does not 
have a progressive wave solution, and the problem is somewhat more 
complicated than in case (1). Under such circumstances, if we 
specify the pressure along the surface y ® o, then the solution 
is completely determined in the region y < o, provided that we 
require it to remain finite as y—»~-eo . This pressure field 


can be expressed in terms of the Fourier integral: 


G4. ) = en) [de a Go,v) expféus(u-v) + ply ¥]aY 40) 


where 


p*= yee Capes, (41) 


from equation (28). 

The boundary conditions (4) and (5) determine the 
pressure and normal derivative of the pressure at the surface 
of discontinuity. This completely fixes the solution in the 


hyperbolic region, where we can again write the progressive wave 


- 2h. 
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solution 
f(y, «) = 5 pe gd ie Sod By (29) 
Application of the boundary conditions and equation 


(40) gives: 


Fiuje Zu) = 7 
Ale) = Gr)" f deol Ha) epfoterfar 


Api alee 
\(42) 


Mt 


0d 


Af (i, u) aAflu 
fi Ae eget . ees Me a fel 42, x) lw] opie yidv 


Integrating with respect to & , equation (43) 


becomes : 


co ot 
A to ode Het fo) lel “riot 


seine 
Eauations (/4 42) and (44) serve to define the functions 


A (4 ) andB(«). Solving for f, and f. in terms of A and B, 


we have: 
VY 
ae (45) 


4s file 4 A + 
pe ie ee 


U 


(46) 


/ 
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DE) 


aS. 
iv) 


1502 


For convenience, at this point we define the phase 


angle € by: 


eh yy y Hf , 2 a a Ve" 
Lan é * AA A Fe) (47) 


This is identical with the angle previously identified as the 


phase shift in the simple harmonic treatment. Also let 


ba. 
= La I ~) 
M = oe oe (48) 


We now express A and B in terms of the Fourier 


transforms of A: 


Ate) = Cr [ Yeu) ep (isu) deo 


(49) 
4B / 1 (ws) exp(can) Ac 
Ba)= Gd" [ Lt Moye) da 


where, 


pes) ~ Ge) [gior) ep lin) dv, 


Dividing equation (45) by M and utilizing (47), 
(49), and (50), we have: 


SM, tf, («) S74 COSi= se see 
Last fies. medal 


~ 26 
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Similarly from equation (46); 


Ye fu) = AcosE- Bsn € 
mM 


i pup 
CS pia) exp lie + ime fa] ete 


(53) 


Since we shall denote the known incident wave by 
f\ > it will be convenient to determine p in terms of fi or 


its Fourier transform. Expressing fy as a Fourier integral: 


Liu) = Gry] Peo) exp Gun) hee 


(54) 
where wi 
We) = enI*/. £ (vy) exp(-twrjav 
(55) 
—od 


Comparing equations (52) and (54), we see that: 


BA ge) exp (Cvene/e) 


fae (56 )’ 


and combining equations (53) and (56): 


pew) 


a ; oP /w w 


From here on the solution becomes identical with 
that of equation (10) in section 2 above. 
~- 27 - 
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4.5 The purpose of this alternative development has been to 

show that the distortion of an acoustic pulse on oblique reflection 
can be treated directly as a boundary value problem without 
recourse to the initial harmonic wave treatment developed by 
Rayleigh? and described in section 2. The phase angleZE defined 
in equation (47) can a posteriori be identified as the phase shift 
which is applied to the Fourler spectrum components of the 


incident pulse, but it is not a priori introduced as such. 


4.6 <A few remarks may be made at this point concerning the 

pressure field, Q , in the bottom. An exvression for /, may be 
obtained in section 2 by combining equations (7) and (9) or from 
the treatment in this section by combining equations (40), (51), 


and (56). In either case, one obtains the form: 


cos E Go)" 900) exp Jean + gale) Fifa) Be hess 


RS 


Ui] 


2cow*é (2m) “pe exp [ew Bote duo 


lee (2m) A Pe! B(w) exp [éwu 4 joy (deo 
ate) 
where Y is identical with the quantity? pp defined in section &. 
It will be seen that the integrand in the 


expression for P is not analytic because of the presence of the 


~- 28 = 
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term exp / to / vy) - (One can easily demonstrate this by 
showing that the Cauchy - Riemann conditions are not satisfied.) 
For this reason, it is not possible to evaluate an expression fox 

fF by means of the usual methods of contour integration, 
which are only applicable to analytic functions. It is felt that 
whatever additional information might be gained would probably 
not be sufficiently valuable to justify further laborious 


manipulation of the complex integrals involved. 


Reflection of spherical waves. 

Sel The preceding discussions (section 3 in particular) have 
been based on certain simplifying assumptions which may be re- 
stated briefly as follows: 

1. The ray approximation was used to calculate the 
paths along which energy passed from the source to the receiver. 
These rays included direct transmission through the water and 
various orders of reflection from the surface and bottom. 

2 The shape of the individual reflections was 
obtained by using the plane wave theory of Section 2. 

3e The effect of the point source was allowed for 
by assuming that the amplitude of the wave was subject to normal 
spherical attenuation ( ~V VR ). No other effects due to prop- 
agation from a point source were taken into account. 

As will be seen later, these approximations represent 
the first order term in an asymptotic expansion of the spherical 


wave solution. Before proceeding to this asymptotic expansion, 
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we shall illustrate by means of a simple example how these 
approximations must fall down for angles of incidence near the 


critical angle. 


5.2 The example is sketched in Figure 4. Path ABC is the normal 
path of a reflected ray, making equal angles of incidence and 
reflection ( 4] ) with the bottom. The angle @ would be used in 
calculating the phase shift E for this wave. Path AB'B'C is the 
path of a ray entering and leaving the bottom at the critical 
angle of incidence ( 6. ), and traveling just within the bottom 
from B' to B", 

We seek to calculate the difference in time of 
propagation along the two paths and also to show that AB'B"C 
is the least time path for all rays from A to C which touch the 
bottom. To this end we make the following constructions: In 
order to show that AB'B is a least time path, consider a varied 
path ABB. Extend AB and drop a perpendicular bD to it from b. 


Then we have: 


( 
SIA &. = Bd = ao, 
B’b c 


This expression shows that propagation from B* to d 


(58) 


at velocity C, takes the same time as propagation from B* to b 


at velocity Co. Hence the difference in time between the two 


wo 30 = 
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r2150 ft 
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C5 
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Rigor ly 


Simple geometrical arrangement of source and receiver. 
c,= 5000 ft/sec 
¢G,* 1.15¢,= 5750 ft/sec 
angle of incidence, 9 = arc tan(75/40) = 61.93° 
critical angle 0.<are sin(1/1.15) 


Sess 
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paths AbB and AB'B is: 


aes ALL Ad = Ab [1- cos(@,- AB) 


CG C, Cc (59) 


where 


Ab = &, sec & (60) 


This expression obviously has a minimum of zero for b = @. 
and AB'B"C is then the least time path as was to be proved. The 
total difference in time of propagation for ABC and AB'B"C is 


now: 


at 


” 


2 a [/- er (OB) 
; (61) 


ere(e-8.) (for small 8-8 ) (62) 


C, 
(Note: in case that h, F# ho, it would be necessary to replace 
AB by % (AB + BC), in this expression.) 


5.5 For the geometry assumed in Figure 4: 


&-@. = .0267 radians 
LNG 


e012 milliseconds 

To see how this affects the reflected wave, we consider a 
particular case where the source is emitting an exponential 

shock wave of time constant .150 milliseconds, which corresponds 
roughly to an explosion of about 0.5 lbs. of TNT. The theoretical 


pressure time curve using the plane wave reflection theory(which 
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gives € = 6.71°)is shown in Figure 5. In this figure the origin 
of time is the instant of arrival of a wave which has traveled 
along the path ABC. The arrow indicates the expected arrival time 
of sound which has traveled along path AB'B"C. Since this is the 
earliest instant at which sound should begin to arrive at the 
receiver, we can see from the plot that the plane wave approximation 
is in considerable error. It is also qualitatively evident that 
the major errors occur in the treatment of the lower frequency 
components. 

If the range is increased from 150 ft. Govcoonm iter, 
the difference of time between the two paths increases to about 
0.4 milliseconds. This is due principally to the fact that 9-8, 
increases to .136 radians, that is by a factor of 5.1 over the 
previous value, and Mt varies as ( O-O.)®. This value of Jt 
is nearly three times as large as the time constant of the weve, 
so the plane wave approximation should be fairly good for ranges 


exceeding 200 ft. under the assumed conditions. 


5.4 It is possible to give a more exact treatment of the reflection 
of a spherical wave from a surface of discontinuity® »8. Here 

we shall merely quote some of the pertinent results from ref. 

(6) p. 49. Pekeris gives the following asymptotic expression for 
the "reflection coefficient" at a given angular frequency © : 


cos O-bS _ <C bv? 1? 8 C0278 + 25 (/+bS coe 8) 4 8LS sin 
oe = A / 5 coz O+ nes SiO coa® 
{cos 6. bg wRd*(coso + bd) [sim (7 a) 4 a co 8{ 


+O (G7/u? R*) 4 


(63) 
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(9987) 4 3JWIL 


coee =. 00! 
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b= Lf Pa. 

(Note that Jd ee imaginary if Bee. ). In addition a 
spherical attenuation proportional to 1A is to be applied to the 
amplitude of the wave. 

The first term of this expansion is the familiar 
reflection coefficient for plane waves incident at an angle O e 
The second term is frequency dependent and represents a correction 
term which will be small for high frequencies, that is provided 
fy, RE* = A fer RS is small compared to unity (A is the wave length 
corresponding to angular frequency ©). For angles not too close 
to the critical angle (which makes d=0 ), the reauirement is 
essentially that R be much greater than a wave length. 

For the geometry assumed in Figure 4, we have 

Poh pees 

Taking as a typical wave length the distance a signal would travel 
in twice the time constant: 


A 21.5 ft., 


we have 


A /a7R (617 = ear 


This confirms that the plane wave approximation is poor for the 


case of Figure 4, and in general when the angle of incidence is 


near the critical angle. 
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5.5 It is evident from the preceding discussion that the 
Plane wave approximation fails in two principal respects. 
(a) It does not give a reflected pressure time curve with a 
precursor starting at a finite time prior to arrival of the 
reflected peak as would be expected on the basis of the ray 
picture, but instead shows a precursor starting at -00. This is 
evidence of error in the treatment of the low frequency components. 
(b) Equation (63) shows that in the general spherical case, the 
phase shift at a given “ is a complicated function of ~ instead 
of being independent of © as in the plane wave theory. This 
means that the shapes of reflections based on plane wave theory 
would be somewhat in error even in the neighborhood of the peak, 
where the higher frequency components dominate. That this 
error is not very serious at reasonably large distances from the 
charge is demonstrated by the general agreement between theory 
and experiment in Figures 2 and 3. 

The rigorous calculation of the shape of the 
reflected pulse when an incident exponential is subjected to 
the shifts implied in equation (63) would be an exceedingly diffi- 
cult problem. 


= 3% = 
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Comments with respect to oblique reflection of strong shocks. 
6.1 The theory developed in the foregoing sections is purely 
linear, applicable only to pressure waves which do not deviate 
appreciably from the restrictions of the acoustic approximatiors, 
and it is not possible to discuss the oblique reflection of 
strong shocks (such as air blast reflected from ground or water 
surfaces) in the same terms. 

Many workers have discussed the strong shock problem, 
but the theory has so far met with rather limited success. In 
view of the results described above, one is led to question 
whether present theories take proper account of the interactions 
occurring at the boundary surface and to speculate as to the 
type of experimental investigation which might cast some light 
on the problem. 

One suggestion (made by Dr. W. D. Kennedy) is the 
systematic comparison of pressure time curves obtained at the 
Plane which is the perpendicular bisector of the line connecting 
two simultaneously detonated charges, with curves obtained 
close to a rigid boundary (such as a piece of armor plate), the 
charge being detonated at a perpehdicular distance from this 
surface equal to half the charge spacing in the first experiment. 
Such an experiment would essentially provide a test of the 
hypothesis that the rigid plane boundary can be replaced by an 
image charge to satisfy the boundary conditions at the surface 
of discontinuity. 


Furthermore, it is conceivable that various departures 
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from expected scaling laws which have been observed under 
conditions of Mach reflection near the ground in air blast 
studies may be at least partly associated with distortions 
originating in interaction with the reflecting medium as well 
as with the afterburning effects to which all of the deviations 
are now generally ascribed. 

The development of an accurate theory of the pressure- 
time curve of an obliquely reflected strong shock wave presents 
an extremely difficult if not insoluble problem, and it is 
felt that the most fruitful approach at the present time lies 
in further experimental investigation of pressure-time curves 
in air blast and in shock tubes. Results of such investigations 
may in turn provide fresh assumptions and starting points for 


theoretical development. 


II. The effect of viscous attenuation on 


exponential shock waves. 


Introduction . 

7.1 In view of the fact that shock wave measurements at relatively 
large distances from the origin of the explosion are now becoming 
available, it seems appropriate to examine the effect of viscous 
attenuation upon exponential shock waves. It is a familiar 

result of acoustic theory” that harmonic waves would be subject 

to an exponential attenuation of amplitude with increasing range 

of propagation, and that the attenuation coefficient depends 

upon the viscous forces and the sauare of the frequency of the 


harmonic wave. 
- 38 
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10 
Liebermann”” has recently reported accurately measured 
experimental values of the attenuation coefficient as a function 
of frequency for harmonic waves in sea water, and it is our 
object to apply these results to an analysis of effects one 
might expect to observe in the long range propagation of low 


amplitude shock waves. 


7.2 It should be noted at this point that the object of this 
analysis is not that of determining the so called "thickness of 
a shock front" which many investigators have discussed’. We 
start with the essential result of these investigations, that 
the shock front thickness is vanishingly small at large 
amplitudes, and proceed to investigate the enenee in shape which 
might be expected due to selective attenuation of the higher 
frequency components in accordance with Liebermann's empirical 
data. 

The analysis contains a number of rough approximations 
and is obviously open to criticism on that account, but we feel 
that the present status of knowledge and interest in this field 
does not justify expenditure of the time and effort which a 


more refined theory would require. 


8. The effect of viscosity alone oh a low amplitude exponential shock. 
8.1 The propagation of plane sound waves in a viscous medium 


is governed by the equation? : 


Cy = ct Op uy oF 
ot Ox? 3 Dee (64) 
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where the notation is that adopted by Lamb. This equation may 
be reduced to an ordinary differential equation in x by carrying 
out a Laplace transformation with respect to the time. The 


transformation is given by the reciprocal formulae” 


Plxsr) - | pl t) exp Crt) dt DRE pote ee, 


Oo pee 
pls t st Play) eplrdy , or (66) 
Ou bod 


The transforms of the derivatives are given by 


[% ep(-yt)dt : y Pest) - pl% 0) 


[ Beevers: P Plat) rite) geal © 


(o) 


The physical case of interest here is the propagation 
of a transient wave which vanishes everywhere for t £0 and is 
then a known function of the time at x = 0. These conditions 


require: 
plso) =° 


for x fo 
2 p(%)o) _ 
= aeaid 


(68) 


Then the propagation equation (64°) becomes, upon use of equations 
(67) and (68): 


Sx? (69) 
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where 


ys r*/(cr+ By) (70) 


The general solution of this equation is: 


P= Aly) pF) + Bi) exp (bx) (71) 


The functions A and B are to be determined from the boundary 


conditions. 
8.2 The function 4 ¢/ Cerys is 
e = Ey VE 


has a branch point in the complex y ~Plane (Fig. 6) at fe ~3c*/4y, 
From this branch point, a cut is made to = — 60, The upper 
sheet of the Riemann surface so formed is chosen so that b is 
real and positive if ye is real and greater than -30* /4v ‘ 
The integration in equation (65) will be taken on the upper sheet 
of the surface. The integrand of (66) is: 


Aly) exp (¢t- x) + By) exp(ytrbx) 


For x 7 0, the second term becomes ae as 1 ms Cos Gaon, 
since Re (yt+ bx) —> ol + Giri/ev)” x —> +00. The 


first term approaches zero strongly because 
2 
Re (gt - bt) a of -(3/t//8 vy x ~- ©. 


We accordingly set B = 0, and obtain A from the conditions at 


X= 0: 


Ar) [otorlepert aa , (72) 


analytic for Re [> oc 


a) GL oe 


1518 


Fig. 6 


Branch point and path of integration for equation (66) 
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Then 
Oo +600 
pest) sia Aly) exp (¢t-Ax) Ay eNO eet) Nora 
O~ 6% 


8.3 For t © 0, x#0, the path of integration of (73) may be 
closed by an infinite arc in the right half plane. The contribution 
of this arc will be zero, and since no poles of A will be enclosed, 


we have 


pet) = 0 for Zs eye e- 


For an exponential shock wave, we have: 


0 CuO 


plot}=o , 
pl, t) = exp (At) tae (74) 


and 
= ~ ls t dt: the ides = a2) 
Al ; exp [-¢ we A+y Sys " (75) 
Then O-+ 00 
_L/[ exp (t-b&) 
fh (yt) 2m Se ae ay (76) 
O- 60d 


Since Y , the coefficient of viscosity, is small, we approximate 


b by a series expansion: 


Bathe See is ae (77) 
G 
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This expansion is valid in the region which gives the major 
contribution to the integral (76). Since the integrand is 
small outside this region, we can use the first two terms of 


the expansion over the entire range. 


Taking O = 0, equation 
(76) becomes 
Co 
bs exp | r(t-4/c) + 2X Aac3 
pt) = = exp| rte wie) + 20¢e/oel| d 
: t+A (78) 
<te 


For convenience, we define the parameters: 
a= 2x /3c* 


a= ie. 2/76 
600 Z 
Le exp (¢7 ray?) d (79) 
Lee tral es A 
ra 
— 600 
Combining petacions (78) and (79): 
of Tt plat) =f (80) 
Differentiating I with respect to @ it is evident that: 
loo 
T+ AL =- at a 
2 9 exp (¢t+ 3) Af- me 


— lod 
and completing the square of the exponent in the integrand: 


60d 


wat - -t/4a* y+ 2)* 
ee =° ep (Hae) ep je (r a!) dp (82) 


-¢ob 


-~ 4b. 
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Setting e = iw in equation: (82): | 


AB a5 =e, expt Yaa! [exp[-at(o- ¢tzet}| Aw 


AT. AL £7" exp (Yaa) 


At (83) 
Also: 
pe ea ae exp (AT) A (Es exp (Az) | 
At At (84) 
Combining equations (83) and (84): 
a |Lerx Az) = CT exp (At— r/4a 
ae PZ) S ‘a G 7 (85) 
Integrating equation (85) and using equation (80): 
& 
pit): _£ epCAt) erp (At - 2-Y4q 1) At (86) 


= AC. 


the lower limit being -*#/e@ since p’'= 0 at t= 0. 


Completing the square of the exponent of the integrand 


in equation (86): 
Aa + */2ac 


Pe) = pCi 4g3) exp (- gy) ag 


(87) 


Aa - Tea 
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where 


tg = (C/2a) —Aa (88) 


8.4 Since a is very small (it will be shown to be of the order 
of 1077 x é for length units in feet), the upper limit of in- 
tegration in equation (87) can be considered + OO for all 
practical purposes. Using this approximation, and introducing 
the parameters o< = A a; is = T /a, equation (87) becomes: 


BSP TS!) | exec y%) 
ae WT i v7 7 (89) 
x- G2 


In order to plot curves and perform computations with 
equation (89) it is convenient to introduce the form of the 
probability integral which is generally tabulated: 


Yy- 


Fe (y) = oS exp (-4*) Ay (90) 


Noting that Li 
fepty)ay.- 774 


equation (89) takes the form: 


exp Gee Ma Pi (e-aa){ aes 2 


(91) 


Pe) = 
exp (<A), , Prfy -x){, ~ <Pr 
eat aed J ( 
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Equation (91) is then the most convenient form for plotting the 
function Pe) » Which, in terms of reduced parameters, represents 
the shape imposed upon an exponential shock wave by viscous 
attenuation after propagation over various distances, X. For 
spherical waves, one would simply introduce the factor 1/R, 
where R is the distance of the point of observation from the 
origin of the wave. 

Figure 7 shows a family of curves of 203) vs A for 
various values of & , based upon equation (91). Increasing 


Oo corresponds to increasing range of propagation. 


8.5 It will be noted that all the curves in Fig. 7 can be 
considered as originating at f = -4, and that they attain maxima 
at values of fe which increase with decreasing oO¢ . We shall 
define &r as the reduced rise time, i.e. the total time in 
units of 2 for a curve to rise from essentially zero ate -4 
to its maximum in Fig. 7. Figure 8 shows a plot of the quantity 
(Pr -4) vs. & based on values obtained from Fig. 7, and it 


is found that pr can be empirically represented by:- 


[i = Fe 0.655 tr 3.90 (92) 
5 (es 
The actual rise time @, would then be given by: 


3.20 
( Pa pO 6S Saute ae (93) 


Thus, although the reduced rise time br increases with decreasing 


o (or decreasing range), the actual rise time decreases and 


ao h7 


1524 
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tends to zero when O€—>O , as would be expected. 


8.6 In order to use the above results to predict rise times 

and wave shapes for actual cases of interest, one must be able 
to estimate the value of a and consequently o . For this pur- 
pose we use the attenuation coefficients for sea water reported 
by Liebermann? ®; 


A w* 


oy = ——————— r Be 
feraus o> (94) 
where A= 29x 10719 sec/cm 


Bs 1.2x 10717  sec®/cm 

Cedex 10-6 SEC. 
(Liebermann uses o to denote the attenuation coefficient, and 
we replace it by XY to prevent confusion in notation.) ° 

Instead of simply relying upon classical values of 
shear viscosity to calculate a from equation (79), we adopt 
Liebermann's results, which include the effects of dilational 


viscosity as well as shear, and evaluate a on the basis that 


aie 2 
Os p/w (95) 


A rigorous evaluation, using equation (94) for We 
would be extremely difficult because of the manner in which it 
would complicate the integral in equation (78). In order to 
utilize the simplified results already obtained, we neglect the 
relaxation effect indicated in (94) and approximate by setting: 


(Oe AbG+B yp 
Z (96) 
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This approximation has the effect of subjecting 
frequencies higher than 30 or 40 kilocycles to too severe an 
attenuation, but since in any case the very high frequency 
components rapidly cease to contribute appreciably to the pulses 
in wrich we are interested, the approximation is probably 
justified. 

Using equations (95) and (96) together with the numer- 
ical values of A, B, and @ » and converting to ft., sec. wits, 


we obtain: 
3 
a = 7.11 (10-8) x (97) 


Liebermann argues convincingly that all the attenuation 
in underwater sound propagation is ascribable to viscosity, 
thermal conduction effects being negligible. Thus, if finite 
amplitude effects are entirely neglected, one can use estimates 
of a based on (97) together with the known A of the shock wave 
under consideration, to predict rise times and wave shapes for 
various distances * by use of equations (91) and (93). 


9. Correction of the preceding theory for certain finite amplitude 
effects. 


9.1 The theory developed in the preceding section treated the 
effect of viscous attenuation on purely acoustic pressure waves 
and completely neglected the effect of finite amplitude in 
modifying the shape of the wave. Finite amplitude modifications 
enter our problem in two principal aspects: (a) spread of the 


profile (b) "sharpening effect" at the front. 


1528 


The spread of the profile makes (the reciprocal of 
the time constant) in the above theory a function of distance of 
propagation. We take this effect roughly into account in the 
ultimate numerical calculations by using an average value of 
the time constant over the region of propagation to determine 

A » but continue to treat ot as a constant in the mathe- 
matical analysis. 

The sharpening effect is more significant in modifying 
the shape of the front of the wave, and we attempt in this 


section to make some correction for it. 


9.2 Assuming that the front of the wave has developed a finite 
rise time, we see (as a result of the theory of finite amplitude 
waves) that the initial portion of the wave will propagate at 
the velocity of sound Co while the peak of the wave will propagate 
approximately at the velocity C+u, where C is the local velocity 
of sound and & the particle velocity. Since (C+u) > Cy ; 
it is evident that the effect of finite amplitude is opposite 
to that of viscous attenuation in that it tends to decrease the 
rise time and sharpen the front. From a slightly different 
point of view, we can regard this approximately'as a process of 
restoration of higher frequency components to the spectrum of 
the pulse. 

An outline of the correction proceedure follows: We 
calculate the rate at which the rise time is increasingwith 
distance from the origin owing to viscous attenuation and also 


the rate at which it is decreasing owing to finite amplitude. 
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The net rate of increase of the rise time is then used as a 
basis for a numerical integration which ultimately yields rise 
time as a function of distance. It is then assumed that the 
shape of the wave is approximately that given by Figure 7 for 
the resultant rise time. Thus we introduce the rather crude 
approximation that the compensating effect of finite amplitude 
affects the resultant rise time without appreciable modification 
of the fundamental mathematical shape as given by equation (91) 
and plotted in Figure 7. 

However, the errors thus introduced should not be too 
serious at long ranges, and in general, one should obtain 
correctly the rough magnitudes of the changes involved. A more 


refined analysis does not seem worth while at the present time. 


9.3 To calculate the effect of pressure on the rise time we 


write: 
abRidipis ok S4ysnsee (98) 
Using the results summarized by Cole (ref. 7, pe 44): 
= C#O =atG 1+ 240 
Cru = o( Az) (99) 
(Gi ae € late o- 
oC ie ) (100) 


where u is the shock propagation velocity as obtained by 
application of the Rankine-Hugoniot conditions e 
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Empirically, the lower pressure range results of 


12 13 


Arons and Halverson can be expressed in the form ~~: 


iC (ie a6 fore) fi 


where P is the shock wave peak pressure in lb./in®. 


Comparing equations (99), (100), and (101), we obtain: 


ie -6 
: ha ji [ ern FOS RF Bae 


Combining equations (98) and (99) and expanding to first order 


terms; 


() = Age = —2.24 *10°? Pe. ff 
AR Ap \. (103) 


The empirical pressure-distance relation for TNT isl4; 


Devele (eo eae it 


(104) 


where W is charge weight in pounds and R is distance in feet. 
Substituting (104) into (103): 


r re 473 
€4) = - 9.84(10° (Me) sec. ff 


’ 


(105) 
9.4 A complication is now introduced into our consideration 


of the viscous effect on the rate of change of rise time with 


distance. The variable X which in section 8 was simply 
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regarded as the independent distance variable can no longer 
be treated as such, or associated directly with R. We shall 
use X to represent the "equivalent viscous distance", i.e. the 
distance of propagation which would have produced a given rise 
time with viscous attenuation acting alone. Thus X will be a 
complicated function of R and in the case of compression waves 
will be less than R at any given point because of the restoring 
effect of finite amplitude. The rate of increase of rise time 
with X is obtained by differentiating equation (93), making 


use of the relaticn between a and X in equation (97): 


a) [- iPeeg = / 
4Aard06ssa 3.380 _ 9.655a (— 
Ax vr 2 ex 


4 


\ 


Be) sae) eee 
Re ~ 4.65 (70 IE *| 2x (106) 


The overall rate of change of rise time with R is 


obtained by means of a similar operation: 


EAL 
Be Ae, -4.65 09x" (a & 


eit Ie 


(107) 


We assume that to a first approximation: 


7 an CAP Ge (07a) 
EE Hein a 


and combining (105), (106), and (107), and solving for Ax /AR : 


AR 7 ~ 4.65) ~~ 4.65(0 8)xe | R (108) 
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with @. to be expressed as a function of x by means of 
(93) and (97). 

We can now use equation (108) to determine the 
"equivalent viscous distance," AM, , by numerical integration 
for any qadué of. ~Asbindieatea previously, *- represents 
the propagation distance which would have led to the rise time 
existing at this value of R if only viscous effects had been 
present. Having , as a function of R, it is then possible 
to compute the effective a at any given R and from it in turn 
the rise time 7%, and the form of the wave from equation (91) 


or Figure 7. 


9.5 In order to effect the numerical integration of (108), 

it is necessary to select an appropriate starting point, i.e. 
fix the value of X, at some initial value of R. To do this, 

we first examine the general behavior of equation (108) in some 


detail. We write the eauation in more concise forn: 


dew y- 49 
AR 


ea (109) 


and examine its properties in the x-R plane, a schematic 
sketch of which is shown in Figure 9. 

The family of curves (shown as solid lines in Fig. 9) 
defined by: 


fo a 
ee 


Ae (110) 
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Fig. 9 


x - R plane for equation (109) 


Solid Lines: loci of constant slope, 
equation (110) 

Dotted Lines: "trajectories", or solutions of 
equation (109) for various 


boundary conditions. 
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are the loci of constant slope of the solutions of (109), while 
the dotted trajectories are the solutions themselves for various 
arbitrary starting points (or boundary conditions) of *X, and R. 

Examination of Figure 9 shows that all the trajectories, 
regardless o* their initial starting point, tend at larger values 
of R to approach very close to a certain central trajectory 
which has been denoted as the “equilibrium trajectory." It seems 
reasonable therefore, in view of the lack of any well knom, a 
priori boundary condition, to select this equilibrium trajectory 
ae the solution of equation (109) which is appropriate to our 
particular problem. 

Thus, differentiating equation (110) we have along 


any of the loci of constant slope: 


Rien! © fteidx =o 
oa AR 


(111) 


But for the solution we seek, ax /dR in (111) is given by 
equation (109). Therefore 


113 $x) _ Ftx)]1- sa 2uG 
oT RE. 


(112) 


is the equation of the equilibrium trajectory, and we could 
obtain % as a function of R by graphical solution of (112) at 
a@ succession of points. 

For practical purposes, it is more convenient to solve 


equation (112) once in order to obtain an appropriate starting 
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point and then proceed to integrate (108) numerically by means 
of the Runge-Kutta method. This proceedure was used to obtain 
the results shown for a few representative charge sizes in 


Figure 10. 


9.6 The results summarized in Figure 10 are then used to obtain 
expected wave shapes for various specific cases by using X%, 
for a given R and charge size to calculate a from eauation (97) 
and & from the definition & = Aa. The resulting & is 
then used in equation (91) tc obtain the wave shape or (92) 
to obtain an estimate of the rise time. 

Some typical results for 0.5 and 8 1b. charges are 
shown in Figures 11 and 12. Curves of rise time vs R for 0.5, 
8, 25 and 300 1b charges are shown in Figure 13, 
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10. Effect of gauge size on rise time and shape of shock wave which 
has undergone viscous attenuation. 


10.1 Owing to the low pressure amplitudes obtaining at ranges 
where viscous effects have become apparent, experimental 
measurements must be made with sensitive (and consequently 
large) gauges. It is desirable, therefore, to examine the 
effect of gauge size in distorting waves of the type illustrated 
in Figures 11 and 12. 
In view of the approximations already introduced into 
the theory, it is not worthwhile carrying out the analysis 
riéprously in terms of circular gauge shapes and equation (91); 
we rather introduce simplified forms for the step response 
and incident wave as follows: 
° »-w<t<o 

Relative step response of gauge, R(t) = t/m ,o<t<™ (113) 
al , "<t<o | 
o 6 ,-e0<t<o 


Relative pressure of incident wave, P(t) = y tenia) 
t/n ,o<< 14 


1-Ab) n <t<X 


Thus the step response is assumed to have a linear rise of 
duration m where m is the transit time of the pressure wave 
across the gauge, and the incident wave is approximated by 
a saw tooth shape with a linear rise of duration n and a 
decay-constant d ° 


To obtain the expected response of the finite gauge 
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to the incident wave we use the superposition integrail1 in 


the form: 


iS 
Plt) = pe Co) R(t) [pte R(t-t)Atr (115) 


The results of integration for various cases of interest are 


summarized below. (t, denotes time of maximum response) 


For n> m: 

t*/emn ,o<t<m (116) 

= t<n 

phe tin mame 

-t7A/am+Vamn) +t (f+ 2% +L)- -(du* +h +i) snsczmee 

|-At +An + dm smen<t< If 

ln = te SC 14 nd) (117) 

Forn<m 

tioamn 


9 o<t<h (118) 
plt)= a i Gow =)- “ae ao > n< Cem 


An, J 1). Ane 4) 
t/a Shi Sa ae 9 xc Te men 


-t (= 


‘a eae 


Neale el peace > men xt <lp 


te = Ris mJ (1+ nA) 


(219) 
For m=n 
tay * »o<t<m 
alee oe fae. 
ple) 4-248, + sha) tr) - (Ao) met com 
[At + Bam > Qm<t < /; 
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ty =m (2+ mA) /C14 mA) (121) 


It will be noted for cases in which 1/\ is large relative 
to the rise time of the incident wave, the rise time of the 
response, +, becomes essentially equal to m+n. Thus the 
rise time of the recorded trace would be nearly equal to the 
sum of the rise time of the wave and the transit time across 
the gauge. 

These results are applied to two of the curves of 
Figure 12 to illustrate the effect produced by a 2 inch 
diameter gauge, and the resulting curves are plotted in 
Figure 14, 


RELATIVE PRESSURE p(t) 


F1IG,14 


PRESSURE—TIME CURVES FOR 8 Ib, 
CHARGES AT RANGES OF 6000 & 20,000ft. 
SHOWING EXPECTED EFFECT OF RECORDING 
CORRESPONDING CURVES OF FIG.12 WITH 
GAUGES HAVING AN EFFECTIVE DIAMETER 

OF ABOUT 2.5 INCHES. 


20 40 60 80 100 120 140 
TIME t (wsec) 
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10.2 The experimental records obtained in this program unfortunately 
do not provide an adequate test of the theory developed above. 

The ranges are such that the expected rise times would be some- 
what less than the transit time across the gauge, and the recording 
speed was such that the rise of the record is not highly resolved. 
Furthermore, it proved very difficult to keep the oscilloscope 
tubes rigidly aligned so as to make the spot deflection accurately 
normal to the plane of rotation of the film drum. Thus, the 
measured rise time on many records is grossly in error because of 
the presence of a slight tilt of the "vertical" axis and in general 
the scatter is extremely large. One can only eanenude from the 
records that the recorded rise time is of the order of the transit 
time across the gauge, but it is impossible to obtain values 
precise enough to justify subtraction of the gauge transit in 

order to estimate the actual rise time of the pressure wave. 

There now exist very long range data, obtained during the 
Spring of 1949 by Dr. E. Swift's group of the Naval Ordnance 
Laboratory Explosives Division. Some preliminary tracings which 
Dr. Swift kindly supplied the authors seem to correspond to the 
wave shapes of Figure 14, and the rise times are of the order 
predicted by the theory, but these remarks are based on the exam- 
iriation of a few isolated records rather than on an analysis of all 
the data now available. It is possible that a complete analysis 
of the NOL records will afford a more critical test of the theoret- 


ical results than the data so far available. 
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III. Energy Flux and Dissipation 

11. Extension of the similarity curves for shock wave impulse and 
energy flux. 
li.l Certain of the 0.5 1b. pentolite charges were fired at 
ranges and depths such that the primary shock wave was not dis- 
torted by arrival of the first reflection until after it had 
decayed to negligibly small amplitude. The resulting records 
have been integrated to obtain the impulse and energy flux for 
the primary shock, and the data are shown in Figure 15. Impulse 


was calculated as: 676 


° 


(122) 


where 8 is the average decay constant at the given wi/3/p 
obtained from Figure 2 of NavOrd 424° | Energy flux was cal- 


culated from the purely acoustic equation: 


ao 
E-: af pee 
ne : (123) 


The numerical results used in Figure 15 are summarized in Table 
I. 

It was not practicable to obtain similar data for greater 
ranges or for any of the TNT shots because of interference 
resulting from the arrival of the first reflection. 

12. Ratio of reflected and incident energy flux for bottom reflections 
up to the critical angle of incidence, 


12.1 A few records were available in which it was possible to 
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Table I 
Impulse and Energy Flux for 0.5 lb. 


Pentolite Charges 


(1p91/3 et. in. 1b/1b2/in.® 


1/3 


lb.sec./in.“1b. 


0114 0247 
~00993 ~0243 
200836 20188 
-00662 0160 
~00635 -0146 
00635 0145 
00635 -0142 
00443 20107 
239 00399 C0920 
241 - C0306 00850 
242 -00290 20146 - 00766 
243 ~ 00262 -0130 00678 
253 00213 -00870 00597 
250 - 00210 -00845 - 00607 
258 -00157 -00478 00463 
259 00123 *00262 -00348 
261 -00122 - 00266 00312 
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measure the energy flux of both the incident wave and the 
bottom reflection for various angles of incidence up to the 
critical. The flux in the bottom reflection was corrected to 
the same radius as the incident flux,and the measured ratios 
of E/ 24 are given in Table II. The observed ratios are com- 


pared with theoretical ratios based on the result of acoustical 


theory: 
2 
C 20 7; 

(ae Cos 6, - (/- oe Sin*8 ) z 

Ae, ae 
Theoretical E/E, = (124) 

set seal, (& 2 4 

fe 2556,+ (1- Ss 5/n*6,)* 

(: Cc, (Bie 
In accordance with the discussion of Chavter I, (2/2: was 


taken as 2.7 and Cp/C; as 1.15. 

It is evident in Table II that the observed ratio 
E,/Ei is in general significantly lower than that given by 
equation (124). This could be adjusted at lower angles of 
incidence by using somewhat lower values of 2 // 9 but such 
an adjustment would not serve to explain the fact that the observed 
ratio remains less than unity even when the critical 
angle is approached or exceeded. It is probable that the low 
values of observed E,/E; indicate substantial energy lass to 
inelastic processes and absorption occurring at the reflecting 
interface. 
12.2 Energy flux ratios were measured rather than amplitude 
ratios in order to take advantage of the smoothing or averaging 


afforded by the integration process. An average amplitude ratio 


STS 
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Table II 


Ratio of reflected to incident energy flux (E,/E,) for bottom 
reflections at various angles of incidence. 


Theoretical E. /Es calculated by means of equation (124) with 


Incidence, 6) : 
(degrees) (E/E, ) E/E, | (E,/B,)* 


*Critical angle exceeded 
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can be obtained indirectly by extracting the square root of 
E/E ; and these square roots are also given in Table II for 
comparison. It will be noted that the amplitude ratio near the 
critical angle is about 0.7 to 0.8 rather than 1.0. The 
amplitude ratio has no meaning at angles lying between 9, and 
glancing incidence. At glancing incidence, however, the bottom 
reflection is simply the inverted image of the incident wave, 
and from the point of view of the idealized theory, the amplitude 
ratio would be unity. Examination of the experimental records 
shows that the observed ratio again lies in the neighborhood of 
0.7 to 0.8. 


Energy loss due to viscous effects. 

13.1 We shall now proceed to extend the theory of sections 8 
and 9 in an effort to estimate the energy losses which may be 
ascribed to viscous dissipation. Making use of equation (66), 
supposing e“<O and taking C=O, we have: 


00 co ¢o8 
ye pat = Pct [ree POxp) exp(yl) dpat (125) 
. o C00 
The integration with respect to t gives P( X,-¥) if Re (-d% ) 
> & . Since Re ( ¥ ) = O for the integration over x » and 


A <O , this condition is satisfied. Therefore: 
c00 


[edt = 36 [Pld Pai) ty 


-¢00 


(126) 
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For an exponential shock wave we have, as in equation (76): 


ex p (- bx) 
Pler) = ae 


(127) 


Using the expansion for b in equation (77), the definition a” 


= 2UX/3C°%, and setting , 1@ equation (126) becomes: 


Pv) oo 
Jeet - tf expG2arw) 4, 
277 ica (128) 


The integral on the right hand side of equation (128) can be 
transformed in a manner very similar to that employed in 


obtaining equation (89) from equation (78). We set u =‘ga® and 


define 
T= se Aw = exp(ur*) J (129) 
+ 
tiie 
co 
By oe hs 
T= exp Lured aw asa) 
2 2 
_~ o<) A rt 
Then oA 
Aol Aa exp[-u(Arw')|des « < ”2 exp (-ud’) 
aes a7 (131) 


—0od 
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Integrating equation (131) with respect to u; and noting that 


Oe Ga Gk 4 


wh | exp Curd, 
se soa (132) 


a eee the variable of integration in (132) by setting 
y” = 2022, we have from ope (128) and (129): 


[re a exp Cy) dy 


(133) 
Adopting the notation of ic 8with & = sAa 5 
0 
[ewe = See |). («tz) | (134) 
: a 


ro) 
13.2 The total energy flow through a spherical surface of 


radius R surrounding the charge would then be given by 


ER) ke <a. (fa oles 2) fe 2: («z) | 


where vik is an amplitude parameter, which at small values of 


(135) 


a is essentially the peak pressure of the shock wave. 

Thus if we consider an ideal case in which finite 
amplitude effects are absent, and changes in shape of the shock 
wave are due only to viscous attenuation, the dissipation 
parameter AC is zero at some initial low value of the range 
denoted by R, where the rise time is assumed negligibly small, 
and then increases with R in the manner; 


ee ae 


Scones 


(136) 
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To calculate the energy dissipated over any arbitrary interval 
between R, and Ry» we would substitute the appropriate values 
of X, and X, into equation (135) and obtain the energy loss by 
taking the difference E(R,) - E(R2). The quantity R” eS 
would be a constant, the value of which would be given by 
Ro” Py”, where Po is the peak pressure of the shock wave at Ro- 

From a slightly different point of viewfor the same 


ideal case,we could consider the rate of energy loss with respect 


to R by differentiating equation (135) in the light of (136): 


- Ir RT,” ¢ [expen , 
ae ec de) Aah | OPO 1a 


og JZ 


Since @& is generally small, the first term in the 
brackets of equation (137) is of the order Ax®, and the ratio 
of this term to the second term is therefore of the order (2 1 )2a 
which is also small. We therefore neglect the first term and 


wite approximately: 


dR re (am)% (138) 


To the degree of approximation involved, this expression gives 
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the rate of energy loss with respect to R for the case in which 


viscous effects alone are present. 


13-3 In order to estimate the energy losses in the case where 

we take account of the sharpening effect of finite amplitude, 

we make use of equation (138) as an expression for the rate of 

energy loss, and integrate it over the range under consideration, 

using for X the results of Figure 10 rather than equation 

(136). It would not be correct to evaluate (135) at R, and Ro 

by substituting the corresponding values of X,, and %pg 

from Figure 10 and taking the difference to measure the energy 

loss. This method would not take into account the fact that 

the sharpening effect causes the wave to travel a given range 

with a shorter average rise time, and therefore greater viscous 

dissipation, than it would have had if only viscous effects 

were present. By using (138) as a measure of the rate of dissi- 

pation per foot of propagation for a given value of % , we can 

apply the results of section 9 to estimate the total energy loss. 
There remains the problem of selecting appropriate 

values for the amplitude parameter tas, As indicated above, 

an upper bound can be set by taking TT,, as the peak pressure 

of the wave at some relatively low value of the range, Ro» where 

viscous effects have not appreciably rounded off the front and 

thereafter setting RM, equal to the constant R,P,- This 

method would be strictly correct only for the case in which 


change of shape is due solely to viscous effects. The situation 
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which develops when we include the sharpening effects of finite 
amplitude is illustrated schematically in Figure 16. The initial, 
steep fronted shock has a peak pressure Tas in the course of 
propagation, viscous effects would produce the rounding and 
lower peak value as shown. Finite amplitude effects would, in 
turn, sharpen the front of this rounded wave without affecting 
the resulting peak pressure (to a first approximation). The 
final wave in which viscous and finite amplitude effects have 
been superposed has a lower value of We as shown in Figure 16. 

Thus we can set a lower bound to the amplitude parameter 
TT m by equating it to the actual peak pressure as given by the 
similarity curve (equation (104)) for various values of R. In 
the calculations to peerage below, we shall compute the upper 
and lower limits of the expected energy dissipation in accord- 
ance with the above methods of selecting Ue - Substituting the 


appropriate numbers into equation (138): 


He =) ster Te we 
ae 9.17 (10°) R°TT, inch.1b./ft. (139) 


where R and X% are in ft. and Im in 1b/in®. In equation 

(139) X is obtained as a function of R by use of Figure 10. 

The results of numerical integration of (139) for various cases 
are given in Table III, where we have calculated Me. (the 
viscous dissipation) over the interval wi/>/R = 0.0053 to w/3/p 
= 0.00022 for charge sizes of 0.5, 8, and 300 lb. 
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final wave after superposition 
of sharpening effect 


Fig. 16 


Illustration of the behavior of the amplitude parameter TI,,. 
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13.4 If we assume that the rise of the front is sufficiently 
abrupt to justify our continued use of the Rankine-Hugoniot 
conditions, we may calculate the irreversible shock loss by use 
of equation (36) of Navord 406+%, which after some manipulation 


leads to the form: 


0. 39 


4 0.39 Y, 
6 w i, 
Aé, = 3.15 (Io wi ) —_— e , (140) 


Values of A Ee calculated by means of equation (140) are also 
given in Table III, together with the sum Ae. oe Le, 

where AE, is the average of the upper and lower limits of 
the viscous dissipation. This sum is compared with the quantity 
QE as calculated over the same interval of w/3/m from the 
energy curve of Figure 15 extrapolated to W/3/R = 0.00022. 

The aneerualnty in this calculation is large since 4E is a 
small residual of a subtraction of large numbers. 

Another rough estimate of AVE may be obtained by use 
of the peak pressure and time constant similarity curves and 
calculating Z (Bae G /2 r C), on the assumption that the pressure 
wave igs purely exponential from t = o to 00. The empirical 
equation for the time constant as obtained from Figure 2 of Nav 
Ord 424° is approximately: 


w/3  .0.22 


O = 58 (1075) w/73 (—) sec. (141) 
R 


Then, making use of equations (104) and (141), 


LE = at = 4.36 (108) wi"? ei (in. /b.) (142) 
Q 
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Results obtained by use of equation (142) are exceedingly rough, 
not only because of the exponential approximation but because 
of the large uncertainty in the exponent of R. Values are quoted 


in Table III to one significant figure. 


13.5 It is apparent from Table III that the observed energy 

loss over the interval considered is approximately accounted for 

by the sum of the estimated viscous and shock front dissipations, 
if it is assumed that one may correctly use the shock dissipation 
results for waves having rise times of the order of 10 to 20 
microseconds, Furthermore, it is apparent that the predicted losses 
are such that one would not expect to observe significant depart- 
ures (relative to the present experimental precision) from 
similarity scaling of the energy flux out to values of w/3/R 

of the order of 1074. 
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14. 


Slope of the peak pressure similarity curve. 
14.1 We can use a method very similar to that of section 13 in 
order to estimate the peak attenuation due to viscous effects. 


Conbining equations (89) and (92), the relative peak pressure is 


given by 
Ob 
pn)e ele) | exp Cy) ey , 
£14 
- @-- U/2 ; 


Then, as in section 13, we differentiate equation (143) with 
respect to X and account for the sharpening effect by setting 
the resulting expression equal to Ap & o/aR and obtaining x 
as a function of R from Figure 10. The result of differentiation, 
making use of equations (92) and (97), is 


A). exp [a* ee +P: eek Ie [auraess( 4) 


exp |-(6.- -4)/4] Cs 0.328 (144) 
ve tga 


a. 
In these calculations ™ si Ip - 4), andl + pi [C= 2 | 


is always very nearly equal to 2- Therefore equation (144) may 


be somewhat simplified: 


a pG,) ~ _ x exp/-~(3,--4)| ey cars 
2 Aen! APE [. 
AR ic eae 5 


“peas a 74] (nee 2. gee ) (145) 


Numerical integration oe equation (145) was carried out for two 
charge sizes: 0.5 and 300 lb. over the wi/3/R interval 0.0053 
to 0.00022. The resulting relative pressures were plotted against 
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R on logarithmic paper and were found to be approxim tely 
represented by power functions of average slope -0.11 and 
-0.08 respectively. (The lines actually show a slight downward 
curvatures) These calculations probably overestimate the 
viscous effect somewhat because of the approximation involved 
in equation (96). 

The asymptotic shock propagation theory of Kirkwood 
and Bethe (see reference 7, p- 126) predicts a peak pressure - 
distance dependence at long ranges of the form 

Ft one Be (Log & es 
R ae (146) 
where & is the charge radius. The logarithmic term in equation 
(146) measures the departure of the distance decay law from 


the R 


law of spherical sound waves, and represents, essentially, 
the effect upon the peak pressure of the continued spread of 
the profile of the wave. (Note that the quantity Py® @ /2 pC as 
calculated from equations 4-20 and 4.22 of reference 7 represents 
the energy flux of the shock wave and varies as Re, the 
logarithmic terms in the pressure and the time constant just 
serving to annul each other.) 

The effect of the logarithmic term in equation (146) 
can be ascertained by plotting on log-log paper, and it is found 
that this term contributes an average slope of about -0.06 to 
the Py, VS. R curve in the region between wi/3/R = 0.0053 and 
0.00022. (The line actually shows a slight upward curvature.) 


If we now combine the effects of viscous attenuation 
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and spread of the profile and add the spherical effect of sas 


we would expect a pressure-distance dependence of the form 
es ee ein for 0.5 lb. charges 
(147) 
Fay 7 Roe for 300 lb. charges 
This calculation omits a small contribution from the residual 
Rankine-Hugoniot dissipation. 

Most experimental peak pressure similarity curves have 
been found to have exponents of 1-13 to 1.15, and the results 
reported in NavOrd 42422 show that this slope persists into the 
low pressure region to which the calculations leading to equations 
(147) apply. 

Our interpretation of this result is that in the high 
pressure region the contribution of 0.13 to 0-15 to the exponent 
comes from the combined effects of spread of profile and Rankine- 
Hugoniot shock dissipation. As the range increases, the Rankine- 
Hugoniot effects drop off, and the slope would tend toward the 
magnitude of 1.06 as given by the asymptotic theory; but it is 
in this region that viscous effects become appreciable, and 
apparently take over most of the role initially played by 
Rankine-Hugoniot dissipation in such a way as to make departures 
from the straight line on log-log paper undetectable within 


experimental error. 


IV. Distortion associated with reflection from the sea surface. 


15- Introduction 
15.1 In the derivation of equation (19) it was tacitly 
assumed that the wave reflected from the sea surface was 


simply inverted without distortion or attenuation. This 
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ideal behavior may not be realized at the receiving gauge owing 
to: (a) non-linear reflection (b) transmission to the air (c) 
sea-surface roughness (d) cavitation near the sea surface (e) 
propagation with finite amplitude (f) viscous attenuation. 

15-2 Keil has shown)? that for any charge weight and charge 
depth, if the angle of incidence at the surface is sufficiently 
Oblique, the reflected wave propagates along the initial wave 
front, producing a range of distortion in both waves. In all 
shots of the series reported here, at ranges less than 5000 ft., 
the direct and reflected waves are clearly resolved on the records, 
so that non-linear reflection plays no part in these cases. 
However, the few shots at extreme ranges (~10,000 ft.) exhibit 
gross attenuation of the direct shock wave and show nothing 
directly identifiable as a reflected wave. (See Figure 2e.) 

If a half-pound charge of pentolite is detonated at a depth of 
40 feet, distortion should begin to occur(according to reference 
15) at the surface approximately 8000 feet from the charge, and 
will then travel along the initial wave front, influencing it 
for example, to a depth of about 7 feet from the surface at a 
range of 20,000 feet. In the case of Figure 2e where the 
receiving gauges were at a depth of 25 feet, and at a range of 
9100 ft. the distortion already appears quite pronounced, while 
the theory indicates that it should not have set in. We are, 
however, close enough to the border line so that small changes 
in the parameters could reverse this prediction, and we can 
probably consider this as within the margin of error of the 


theory. Thus it is not unreasonable to ascribe tentatively, at 


ee 
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16 e 


least part of the observed attenuation at very long ranges to 


non-linear reflection. 


15-3 It was pointed out previously that when an acoustic wave 

in water is reflected from a water-air interface, in view of 

the higher sound velocity in the water, reflection is regular 
for all angles of incidence. The reflected wave is undistorted 
but is slightly attenuated due to a very small transmission of 
sound into the air. Even in the extreme case of normal incidence 
this amounts to a decrease of less than 0.01% in amplitude. Thus 


no observable attenuation can be attributed to this cause. 


15.4 Roughness in the sea surface (which prevailed to some 

extent during all the measurements) undoubtedly produces some 
incoherent scattering of the reflected wave due to the essentially 
chaotic character of surface wave motion considered on the scale 

pertinent here- However, the remarkable sharpness of the front 

of all reflected waves measured up to ranges of 5000 feet (see 

Figure 2) makes it clear that scattering due to surface roughness 
is not an important means of producing distortion of the surface 


reflection in these particular measurements. 


Bulk cavitation 

16.1 The phenomenon called by Kennard!’ "pulk cavitation" has 

a most important effect on the structure of the reflected wave. 
If the negative pressure of the reflection is great enough the 
water experiences an insupportable tension and is torn into many 


bubbles, giving rise to a region of cavitation which has a rapid 
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subsequent history of expansion and contraction. The cavitation occurs 
within a space lying near the surface and having a large horizontal 
extente This distorts and attenuates the reflected wave which is 
causing it to an extent depending on the vigor of the cavitation. A 
quantitative theoretical description of the character of the reflected 
wave both during the cavitation and after it emerges into homogeneous 
water is very difficult, involving as it does, wave propagation 
through a medium containing randomly-distributed time-dependent inhomo- 
geneities which have been initiated under conditions not yet adequately 


described. 


16.2 The surface reflections in the present series of experiments 
frequently show the following characteristics: first, a sharp drop, of 
duration approximately equal to the transit time across the gauge; this 
forms the leading side of a brief, but strong negative pressure spike; 
the pressure then rises somewhat and oscillates erratically at a constant 
level for a few tenths of a millisecond and eventually merges into the 
succeeding event. In his theory of bulk cavitation, Kennard assumes that 
cavitation occurs whenever the pressure in the water falls to a character- 
istic fixed "breaking pressure", then instantly becomes equal to a 
characteristic "cavity pressure" which cannot be less than the 

breaking pressure, and finally cavitation disappears instantly when 

the pressure rises above the cavity pressuree Our observations seem 

to support this qualitative picture. Whether or not the breaking 

and cavity pressures are fixed magnitudes however, cannot be 


determined. 
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1t is believed that the oscillations noted in the tail of 
the reflected wave do not originate in the gauge response or record- 
ing system, nor in the immediate vicinity of the gauge, for in 
some cases a striking qualitative correlation has been observed in 
the detail of the oscillation as recorded by the several channels, 
It is felt that these small pulses originate in or near the 
cavitation region and may be associated with the formation and 
collapse of bubbles. 

The pressure drop in the reflected wave is always less than 
that to be expected ideally. In Figure 17 the measured ratios of 
reflected to direct peak pressures from 0-5 pound pentolite 
charges are plotted against range, both for the drop to the tip 
of the negative spike and the drop to the level region smoothed 
through the oscillations. The scatter of the data is considerable, 
but the trend is clear. The reflected wave has an amplitude of but 
a few tenths of the direct shock at short ranges and increases to 
an appreciable fraction of it at large ranges. On the same plot 
is shown the ratio to be expected if there were no drastic atten- 
uation due to cavitation. This curve is not horizontal because 
account has been taken of the extra distance traveled by the 
reflected wave in its passage to the gauge. Also displayed is a 
curve showing the ratio to be exvected when a crude account of 


cavitation is taken by the method described below. 
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16.3 When an explosion takes place near the sea surface we will 
assume that: 

(a) Cavitation begins when the pressure in the water drops 
to a fixed value, Pe , the cavitation pressure. We will take R =0 
p. s-i- This assumption will be examined later. 

(b) The pressure at a point on the front of the reflected 
wave can be described as emanating from an image charge above the 
surface, having a variable apparent weight, Wi, so adjusted as to 
account for the pressure diminution due to cavitation. 

(ec) Wi is a continuous non-inereasing function of distance 
along a ray away from the image charge, being equal to the true 
charge weight W, before any cavitation takes place, decreasing 
monotonically in regions of cavitation, and remaining constant in 
regions of no cavitation. 

The assumptions (b) and (c) imply that cavitation propagates 
as long as the spherically expanding negative reflected wave is 
decaying in amplitude less rapidly than is the positive pressure 
region into which it is propagating in accordance with the criterion 
given by Kennard.°3 The assumptions, however, take no account of 
the effects of pressure gradients along the wave front. 

Referring to Figure 18c, where the origin of coordinates is 
taken at the image charge, the total pressure at a point (R),9) 
on the front of the reflected wave is the sum of the hydro-static 
head at this point, Py (B18), the pressure at distance Rp from 4 
charge of weight W at a reduced time @ (associated with propaga= 
tion through the distance x ) behind its front, pin? ,t), and the 
pressure at the front of a negative wave at a distance Rj froma 


3 
charge of apparent weight Wi, - pitt » 0). If cavitation is 
¢ 
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occurring at(R,, @) then the total pressure must equal the cavitation 
pressure: 


Aled pli) -P(E54) « pe 


(148) 


W; is defined by this equation in the region of cavitation 
and by assumption (c) elsewhere. To make (148)explicit for calculation 


using empirical data, we note from the geometry of Figure 18c that 


X = R, - Rp 


(149) 
Ro = R* + 4d°-4dR, cos 6 


If p is the atmospheric pressure and H is the vertical 


hydrostatic pressure gradient ,then 
p, (Ry,9) =p + H (Ri cose -d) (150) 


Letting §(t) be the fraction of the peak pressure which 


obtains at reduced time T we can write 


peo) Mrz 9) 


The function £( t ) is obtained from a composite curve of 


(151) 


pressure versus reduced time at some particular reduced. distance?3 
and the function pio) from a similarity ee 

The reduced time t is related to the distance xX » and the 
sound velocity C by an empirical relation!+ valid for INT or 


pentolite 


(x 


x 


ara (152) 
= . Y_4\ -0.18 
acto cw ) 
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where weight is in pounds, distance in feet ,and time in milliseconds. 


Inserting (150), and (151) into (148): 
Ya 
bn wy 2 oe = 
Pa + H(Rcos8-a)+ t/t) p y,0) PGE) = Pe (153) 


To find Wi at any point (R,],6) one calculates Ro and X% by 
(149), @ by (152),and finally W; from (153). The limits of the 
cavitation region are found by varying Ry at a fixed 6 5 the value 
of R, which makes Wi = W determines a point on the upper boundary of 
cavitation and that which makes Wj a minimm, Wnin, determines 
@ point on the lower boundary. On this particular ray, according 
to (¢) we then set Wi = W above the cavitation and Wi = Wysy, 
below. The process is repeated for other values of @ until the 
cavitation region is mapped to the degree desired. 

The cavitation region found in this way, due to the explosion 
of a 0-5 lb. pentolite charge 40 feet below the surface is shown in 
true scale in Figure 18a. It is seen to be a thin layer of wide 
extent near the surface, though never touching it. In 18b the same 
region is shown with an eight-fold magnification in depth scale. 
Here the shading is meant to imply qualitatively that the cavitation 
is most vigorous along the top side of the region and gradually 
dies out to nothing along the bottom and at the outer tip. 


The pressure drop in the reflected wave arriving at the 


Ww 


o3 ,2), computed for the gauge position. 


The theoretical curve of Figure 17 was obtained in this way. In no 


gauge is taken to be P< 


case was the receiving gauge theoretically in the region of cavi- 


tation in this particular series of measurements- At small ranges 
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the agreement between theory and experiment is quite good, in view 

of the scatter of the data, but at higher ranges there is considerable 
attenuation still to be accounted for. If the cavitation pressure 

had been chosen as an actual tension of some magnitude rather than 
zero, the theoretical curve would be moved upward resulting in even 
poorer agreement with the observations-e This gives some support to 


the assignment of a low breaking pressure for initiation of cavitation. 


16-4 Any complete quantitative theory of bulk cavitation mst take 
explicit account of the conditions and process of its initiation. 
The theory must go on to describe the way in which the bubbles abstract 
and scatter energy through the pressure field. It has been the view 
that sea-water possesses a unique breaking tension and that this 
essentially static pressure condition is the criterion for the initiation 
of bulk cavitation and the formation of spray domes due to transient 
pressure wavese Observations of cavitation” have led to the assign- 
ment of breaking tensions smaller by at least an order of magnitude 
(0-100 psi) than those deduced from photographs of the spray dome** 
(400-6000 psi). 

Breaking tensions obtained by spray dome measurements vary 
over an order of magnitude depending upon the smoothness of the sea- 
surface, the surface tension of the water, the dynamic structure of 
the Pressure wave incident at the surface, and even upon the particular 
aspect of the phenomenon from which the breaking tension is deduced. 
We are dealing here with the disintegration of a liquid surface into 
droplets, the onset of which is intimately connected with the condition 


of the surface. 
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It is felt that bulk cavitation is not simply another direct 
manifestation of the same property of sea water as that controlling 
the formation of a spray dome, but depends on something like this 
property in an entirely different way. The nucleation of a new phase 
in the bulk of a metastable medium has been treated statistically’. 
It is found that over a small range of increasing static tensions 
the rate of formation of stable nuclei increases enormously. This 
effect makes the notion of a unique breaking tension a useful one at 
least under static conditions, but in the rapidly varying pressure 
field of a shock wave it may be that more detailed account must be 
taken of the nucleation process. Photographs of cavitation (Ref, 18, 20 
21) suggest that cavitation bubbles continue to grow for some distance 
behind the front of a negative wave and can become quite large and 
oceur in such numbers as to occupy a considerable volume fraction 
when the cavitation is severe. One hopeful feature seen in photo-= 
graphs of bulk cavitation is the considerable uniformity of bubble 
size in regions which presumably have had the same pressure history. 
At the other extreme, when the pressures encountered are relatively 
small, as in our measurements, cavitation can still seriously modify 
a negative wave even though the cavitation would appear only as a 


slightly increased turbidity of sea water. 


16.5 In order to illuminate some of the patent obscurities that 
still remain connected with bulk cavitation, it would be most useful, 


as a start, to make photographic observations of the intensity and 
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propagation of the cavitation itself and similtaneous piezoelectric 
measurements outside of the region of cavitation. 

One interesting consequence of the assumptions (a), (b), 
and (c) is that there should be no cavitation vertically below any 
charge at eny depth, although the cavitation may extend deeper than 
the charge off to the side- Thus it should be possible to avoid the 
obscuration due to cavitation encountered in photography of shallow 
explosions@+ by observing from directly below the charge. This 
would have the additional advantage of giving a well lighted silhouett: 


picture. 


Sharpness of the negative wave fronte 
17-1 It is frequently asserted that negative shocks are unstable and 
would tend to spread "rapidly". (see reference 7, p- 25, and reference 
25, p- 181). It is interesting to examine the available experimental 
records in the light of this prediction, remembering, of course, that 
the minimum "fall time" which can be resolved is the transit time 
across the gaugee Examination of the records reproduced in Figures 
2 and 3 (and of the other existing records as well) shows that the 
"fall" of the negative wave is equally sharp at all ranges, i.e. of 
the order of magnitude of the gauge transit time of 20 to 30 micro- 
seconds, and that any spread of the front due to the combined effects 
of finite amplitude and viscous attenuation mst be smaller than this 
magnitude. 

It is possible to make a theoretical prediction of the ex- 
pected spread by application of the methods of section 9.3. In the 
case of the negative wave, the viscous and finite amplitude effects 


both tend to spread the front instead of opposing each other as in 


ee 
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the positive wave. The counterpart of equation (108) thus becomes 


9-6@ (10%) x w 2 ee 
aes ae ee 7 
AR Pee 2 4 (154) 


an equation differing from (108) only in sign but having an 

entirely different character. The differential equation (154) 

possesses no "equilibrium trajectory," so that it is necessary to 

select an appropriate starting point by some other means. It is 
natural to carry out the integration for the positive wave by (108) 

up to the point of reflection and subsequently by (154) for the nega- 
tive wave up to the point of interest, using the condition of con- 
tinuity of the “equivalent viscous distance" at the point oi reflection. 
The results of such integrations show that the fall time of the 
reflected wave is greater than the rise time of the direct wave only 

by an amount too small to be successfully distinguished by our measuring 
equipment. For example the fall time of the reflected wave froma 

4 lb. charge which reflects at 2000 ft. from the charge and then 
propagates for an additional 2000 ft. is psec: The rise time of the ; 
direct shock which travels the same total distance is 19msec- Both 

of these figures are of the order of magnitude of the transit time for 
the gauges used at this range. On the average, the observed fall 

times appear to be larger than the rise times, but for the reasons 
outlined in section 10.2 it is not possible to obtain reliable absolute 


values of these small intervals to test the theory quantitatively. 
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Appendix I 


An Improved Microcoulometer for the Calibration of Piezoelectric Gauges 
by 


A. Bs Arons and We Grube 


1. Introduction 
1-1 The aece powered microcoulometer which has been used for several 


326 for the calibration of piezoelectric 


years by this laboratory 
gauges has frequently proved inadequate when stability and high sensi- 
tivity were required. It was the object of this program to design a new 
instrument of suitable stability and sensitivity, capable of operating 
with very high input resistance, by taking advantage of recent develop- 


ments in electrometer tubes and electrometer circuits. 


2- Description of the circuit 
2el A diagram of the new microcoulometer circuit (designated LH) is shown 
in Figure 19. The input stage utilizes the Victoreen VX=414 electrometer 
tetrode, the input grid resistor being 10? megohmse The electrometer 
output feeds one side of a push=pull cathode follower stage, the other 
side of which can be positioned by control of its grid bias in such a 


way as to set an initial balanced condition of zero potential across 
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the output points R, R,- A signal applied to the input them appears as 
@ voltage change across Rj Ry which is measured by the detecting circuit 
consisting of two push-pull amplification stages, using 6J7 (or 6SJ7) 
tubes. 

The detecting circuit is a modified version of an instrument 
described by Lyons and Heller@/ in 1939. The output is read by noting the 


swing of a 50 microampere meter placed across the points AB for low 


‘gain operation or CD for high gain. Various normal operating voltages 


are indicated on the circuit diagram. Any well regulated a.c. operated 
power supply is adequate for the Bt and Bo voltages. 
2e2 This circuit has been found to be very stable and linear in its 
operation. Some typical calibration results are shown in Table IV and 
are compared with measurements made at the Cambridge Thermionic Corporation 
by means of the old microcoulometer. 
Sensitivity 
3-1 The sensitivity of the low gain range of the new instrument is such 
as to give full scale deflection of the meter for an input signal of 0.5V. 
The high gain range gives full scale deflection for an input signal of 
0.05V. 

On the high gain range it would therefore be possible to calibrate 
small gauges having sensitivities of the order of 0.1 micro micro coulomb 
per psi. by using pressure differentials of about 4000 psi. and total 


input capacity of 10,000 micro microfarads. 


3-2 The instrument becomes quite sensitive to pick-up if the input 


capacity is made very low (ca. mtn ce but this difficulty could 
7s 
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be overcome by means of careful shielding. It would then be possible to 
take advantage of the increased effective sensitivity afforded by lower 
input capacity ,and one could probably adapt the instrument to measure 


sensitivities as low as Nera coul. per psi. 


Further modifications and improvements. 

4.1 The diagram of Figure 19 shows the present stage of development of 
the microcoulometere Various modifications and improvements suggest 
themselves for future versions of the device: (a) Use RCA long life 

(red base) 6SJ7 and 6SN7 tubes,(b) The 6J7 screen balance controls affect 
the sensitivity slightly. These variables should be removed and all 
balancing done by means of the 6SN7 grid control. (c¢) Obtain the 6SN7 
plate voltage by putting two VR 75's in series across the 150V regulated 
supply, and use a 75V plate voltage instead of the 90V battery. (d) 
Install 6E5 or 6U5 shadow tube to permit ready balancing of voltage 
across R1 R, before connecting DV ampe meter. 


4.2 Fairly elaborate precautions must be taken in order to maintain 

an effective resistance of 50 to 100 thousand megohms at the input. 

The entire input stage should be carefully dried and then dipped or 

cast in polystyrene to minimize the effects of surface moisture films. 
Guard rings should also be installed at the input and connected to a 
suitable point in the circuit so as to rise and fall with the input 
voltagee Grid bias of the VX-41A mst be carefully adjusted for minimum 


grid current. 


Use of a Speedomax or Brown recorder as a detecting device. 
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5.1 Several experiments were conducted in which a Speedomax recorder 

was used to record the signal appearing across Ry) Ry at the 6SN7 

outpute (The recorder was made available through the cooperation of 

Mr. A- Bunker's meteorological group.) The Speedomax has ample sensitivity 
and stability for this purpose, and the results were very promising. 
‘Calibrations could be carried out rapidly and conveniently, with pressure 
signals and standard voltage signals being rapidly and continuously 
recorded on the moving paper» The record can be conveniently read and 

the results computed after the paper strip is removed from the recorder. 
One man operation is possible. 

The response time of the recorder is roughly the same as that of the 
Sensitive Research University model microammeters which have usually 
been used in this worke The error due to pyroelectric effect (which is 
greater the longer the response time) would therefore not be any more 
serious with the recorder than with previous devices.e It is therefore 
suggested that the most efficient and convenient calibration technique 
would be to use the electrometer and cathode follower stages of Figure 
19 to feed a Speedomax or Brown recorder as described above. 

Results of calibrations with the Speedomax are shown in Table IV 
and are found to agree well with the values obtained by CTC and by 
means of microcoulometer LH. 

In the preliminary experiments, it was not possible to connect the 
electrometer ground and the Speedomax. This led to some difficulty 
with pick-up when the operator touched the pressure chamber-e The pick- 
up was made negligible by careful isolation of the grounds and in- 
sulation of the operator. In a permanent set-up, suitable modifications 


could probably be introduced to eliminate the grounding difficulties. 
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Table IV 


Ccimarison of Gauge Calibrations 
with Various Instruments 


5 


Sensitivity Pa coul./psi. 
CTC : Cambridge Thermionic Corp. calibrations 
LH : New microcoulometer calibrations 


S : Speedomax calibrations 
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